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Abstract
We present the results of a complete Monte Carlo radiative transfer modeling ef-
fort to investigate the structure of and reproduce published observational results for
a group of transitional protoplanetary disks: V1247 Orionis, Ophiuchus IRS 48, GM
Aurigae, and SAO 206462. The modeling contained herein attempts to reproduce spec-
tral energy distributions formed from decades of photometry and spectroscopy, tightly
constrained by more recent interferometric and near-infrared scattered light imagery to
compare our synthetic best fit model images to. Our results place constraints on aspects
of the disks’ structure, such as scale height, disk mass, and dust composition while re-
producing the bulk of known observational data from a variety of techniques.
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Introduction
The predominant theory on the formation of our solar system tells that our planet and the other
bodies which orbit the sun formed from a rotating disk of gas and dust 4:6 billion years ago. The
study of these disks involves many scientific disciplines and techniques which trace the evolution of
these objects from relatively simple disks of material around young stars to fully developed plane-
tary systems such as our own. This work intends to contribute to this endeavor by investigating the
structure and composition of four of these objects using radiative transfer modeling, which proves
to be very useful when used in cooperation with other observational techniques.
We will begin with an overview of the properties of these disks and their role in the formation of
planetary systems. Following this theoretical background is a discussion of some of the techniques
used to investigate them. To conclude the background materials, the method of radiative transfer
modeling will be discussed in brief, along with some illustrative examples from the code used in this
research. We will then discuss the results of modeling the physical structure of four protoplanetary
disks at the point in their evolution when they are being cleared of material. Lastly, the general con-
clusions we can take away from our modeling will be explored.
1
Part I
Background
2
Stars that clear have been dead for years, but the idea
just lives on.
“We Are Nowhere and It’s Now” – Bright Eyes
1
Protoplanetary Disks
This chapter will serve as an introduction to the study of protoplanetary disks, including their place
in their evolutionary sequence frommolecular cloud to planetary system. Different classifications
based on their observed spectrum will be discussed, as well as some techniques that are used in the
field today to observe them. Hopefully the reader will take away a basic understanding of these ob-
jects and the motivation behind the research contained in this work will be clear.
3
1.1 Dusty Disks
1.1.1 WhyDoWe Care About These Objects?
Why our solar system looks the way it does and how it got here has been intriguing to scientists long
before we had a correct understanding of its basic arrangement. Even among those who lack an in-
terest in hard science, the simple questions of the existence of Earth-like planets orbiting distant stars
and whether we are alone in the universe are incredibly persistent. The scientific and philosophical
implications of knowing the answers makes the study of extrasolar planets (or exoplanets) alluring
to scientists from a variety of disciplines – each of which approaches the problem from a different
perspective or focuses in on a particular stage of planetary formation. One of the earliest steps in this
evolutionary process is that of the protoplanetary disk, which are disks of gas and dust around young
stars that give birth to these exoplanets.
What our own solar system looked like during this protoplanetary disk stage when the planets
were just forming was at one time difficult to discern. Not only are we far past the point of being
able to directly observe our solar system in its infancy, but we also previously lacked the ability to
glimpse planetary systems outside our own (or exoplanetary systems) – potentially catching them
in these early stages of formation. Recent decades have produced various techniques with which to
observe the space around us with the goal of detecting exoplanets and the disks of materials from
which they form. To date, there has been detection of over 1000 planetary systems outside of our
own28, including many of their protoplanetary disks. Observing these objects and modeling their
structure at the time when large planets are clearing out material within the disks might give us
better insight into the mechanisms involved in planetary formation and to what extent Earth-like
planets might be common.
4
1.1.2 From Clouds to Planets
Collapse of theMolecular Cloud
Young protostars and their disks form out of the same massive clouds of gas and dust. When grav-
itational attraction in the cloud begins to exceed the outward gas pressure, the cloud will begin to
collapse in on itself. Protoplanetary disks are a natural byproduct of angular momentum conser-
vation during the gravitational collapse of these molecular clouds. While material along the axis of
rotation with no angular momentum can collapse freely onto the protostar, material off-axis with
a net angular momentum will collapse into the equatorial plane, orbiting the young star rather
than directly falling into it. The net result of this process is a disk of gas and dust with a protostar
at its center (Figure 1.1). Getting to a disk from a molecular cloud is thought to occur very quickly,
within 104 years96, and these young disks can be many times larger than our solar system.
Evolution of the Protoplanetary Disk
While not all disks follow the same evolutionary path, there may be a typical sequence of events
which takes place in many young protoplanetary disks. By the time the star formation process is
effectively over at 0:5Myr, evolution of the disk is thought to be primarily governed by accretion
onto the star, photoevaporation of parts of the disk by the star or external sources, collection of disk
mass into larger bodies, and dynamical interactions with stellar or substellar companions96. These
processes are shown collectively in a typical evolutionary history in Figure 1.2.
Early in the life of the disk, the main mechanisms by which the disk loses mass is by accretion of
the inner disk onto the star and photoevaporation35. In photoevaporation, high energy photons
from the central star, or even a nearby massive star, can heat portions of the disk in excess of their
escape speeds, carrying mass away from the disk in outflows.
Grain growth is thought to be another important process in the evolution of disks22,23,24 in
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Figure 1.1: Artistic rendering of a protoplanetary disk around a young star, which can form in as short as 104
years after the start of the cloud collapse. Disk masses are estimated to be in the range of 10 4   10 1 M, and
the gas:dust ratio in these early stages is roughly 100:196. Material in the disk can be accreted onto the star, clump
together to form planets, or it can be carried out on outﬂows or jets. The disk will be mostly cleared in under 10
Myr. Credit: ESO/L. Calçada/M. Kornmesser
which smaller dust grains collide and stick together, forming larger particles. In doing so, their
surface-to-mass ratio decreases, decoupling their motion from the gas in the disk. They then ex-
perience a strong drag force and settle towards the midplane of the disk where they can grow into
larger bodies like rocks, planetesimals, and planets96.
As the accretion rate and disk mass decrease with time, high energy stellar photons are able to
penetrate and photoevaporate the inner disk at a rate too large for the outer disk to replenish the
inner disk with material2. This opens up a hole in the disk and the inner disk radius is pushed fur-
ther outward with time. These objects are referred to as transitional disks, representing a transitional
6
Figure 1.2: A possible evolutionary history of a typical disk. a) Accretion from the inner disk onto the star and
photoevaporation of the outer disk from high energy photons results in a loss of disk mass. b) Larger grains are
formed through grain growth, which settle into the disk midplane. c) As accretion onto the star decreases, high
energy photons deplete the inner disk of material, causing accretion to cease as the disk opens from the inside
out. d) The gas has been photoevaporated away and small grains are removed by radiation pressure. Large
grains, planetesimals, and planets are all that remain in these low mass disks. Figure adapted from Williams &
Cieza96.
stage between a full protoplanetary disk and one cleared of almost all of its material. If there is an
additional inner ring of material separated from the outer disk by a gap, the disk is referred to as pre-
transitional. (Pre-)transitional disks may have assistance from large bodies within the disk itself in
clearing material and forming gaps dozens of AU in radius (Figure 1.3) and are often identified by a
dip in their emission spectra caused by a deficit of emitting material at those wavelengths78,76. These
objects are the subjects of the modeling contained in this work, as they represent a common, but rel-
atively short phase96 in the life of a protoplanetary disk where planet formation may be occurring.
7
Figure 1.3: Artistic rendering of a transitional disk with a gap clearing exoplanet embedded within. Disks can
begin to clear in as little as 105 Myr50, with planet formation primarily occurring in the 2 – 3 Myr timescale 13.
Credit: Karen L. Teramura, UH IfA
A Planetary System
What follows this stage is a rapid dissipation of the disk. The smallest grains left in the disk are car-
ried out by radiation pressure, while slightly larger ones eventually spiral inward due to Poynting-
Robertson drag and evaporate at the sublimation radius. The star is thought to shed its protoplane-
tary disk in less than 10Myr. The object that remains is often characterized as a debris disk, or a low
mass, gas poor disk with debris belts, planetesimals, and planets96. The remaining dust in this disk is
likely second-generation, created by collisions of massive bodies.
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Figure 1.4: Left Panel: Artistic rendering of the prototypical debris disk, β Pictoris, showing exoplanets and dust
belts. Credit: NASA/FUSE/Lynette Cook. Right Panel: Image of β Pictoris, seen edge-on and showing exoplanet
β Pictoris b as a bright object in the disk. Credit: ESO/Lagrange & Chauvin55. β Pictoris has an estimated age of
12+8 4 Myr with a disk mass on the order of 10 Mmoon 20. Debris disks are gas poor, with a gas:dust ratio 159.
1.1.3 Classes of Disks
TheMeeus Groups
Among Herbig Ae/Be stars – pre-main sequence with a mass between 2 and 8M, originally spec-
tral class A and B stars with emission lines that were found to be embedded in nebulosity42 –Meeus
et al.63 categorized the amount of radiant energy flux at each wavelength, the spectral energy dis-
tribution (SED), of protoplanetary disks into two groups: Meeus I sources, which have a relatively
strong far-infrared (FIR) flux compared the flux in the near-infrared (NIR), andMeeus II sources,
which have a FIR flux that falls off quickly. Meeus et al.63 interpreted the shape of the SEDs as being
an indicator of the degree of flare in the disk structure. Because it is thought that the inner rims of
disks will “puff up” due to heating from receiving a large amount of stellar radiation23, much of a
disk can be caught in shadow. A flaring disk, however, can have enough material at altitude to cap-
ture stellar radiation and thermally re-emit it in the FIR, as shown in Figure 1.5. This leads to the
characterization of Meeus I sources as being “flared” andMeeus II sources as being “self-shadowed”.
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Figure 1.5: Representative SEDs of Meeus I and II sources, comparing the ﬂux in the NIR at 4 µm to the ﬂux in the
FIR at 40 µm. Shown above are the suspected shapes of the disks which create them. In Meeus I objects, the ﬂux
in the FIR is comparable to that in the NIR, possibly because the outer reaches of the disks are ﬂared enough to
reach out of the shadow caused by the puffed inner rim. In Meeus II objects, the shadowing from the inner rim
keeps the disk mostly in the dark, leading to a weak FIR ﬂux compared to the NIR.
Radiative transfer modeling in Dullemond &Dominik23 finds that this interpretation successfully
reproduces the SEDs of each group.
Getting fromMeeus I to II, or Vice Versa?
Along with the geometrical interpretation came possible mechanisms to link the two groups of disks
in an evolutionary chain. Grain grain growth and dust settling22,23,24 is thought to flatten proto-
planetary disks over their lifespans, so a natural guess would be to presume that the self-shadowed
Meeus II objects could have begun their lives as flaredMeeus I objects that flattened over time.
However, as more of these objects are imaged, an asymmetrical trend has emerged which calls
that evolutionary scenario into question. It has been found43 that many, and maybe all, Meeus I
objects have inner hole (gap) in the disk and can be characterized as transitional (pre-transitional)
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disks, whereas Meeus II objects appear to have a continuous structure (though this notion has been
recently called into question64). Because it is suspected that material in the bulk of the disk will clear
over time, a Meeus I to II evolution now seems unlikely.
In light of this tendency for Meeus I sources to be classified as (pre-)transitional disks, a more
recent interpretation of the two groups of SEDs has been put forth byMaaskant et al.60, suggest-
ing that both groups could have formed from the same primordial flared ancestor. In this scenario,
Meeus I and II objects follow different evolutionary tracks, not necessarily evolving into one an-
other. In Meeus I objects, gap formation in the disk by whatever mechanism has preceded its flatten-
ing, whereas Meeus II objects have been flattened by grain growth and dust settling before gaps have
formed. While speculative, such a scenario helps to explain the otherwise contradictory timelines
suggested by a Meeus I to Meeus II evolution. Whatever the case, there is much to learn about the
nature of the relationship between the twoMeeus groups, if one exists.
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1.2 Observational Techniques
1.2.1 Spectral Energy Distributions
One of the most informative pieces of data for distant objects is their SED (Figure 1.6), which can be
assembled from data from a variety of photometric and spectroscopic instruments. Protoplanetary
disks were first detected, hypothesized, and classified from their SEDs, which are crucial in display-
ing the flux produced by the disk in excess of what the star creates on its own. Since the temperature
of the disk covers a wide range – hot near the star and cooler further away – the disk will radiate at
wavelengths frommicrons in the hotter regions to millimeters in the cooler ones. By recognizing
this correlation, much can be estimated about the potential structure of a disk without having to re-
solve it – particularly in the infrared where disk emission is the strongest. This becomes increasingly
powerful when used in conjunction with modeling, as will be discussed throughout this work. In
addition, certain emission features such as a 10 μm silicate bump (or lack thereof) can give insight
into the composition of a disk.
1.2.2 High-Contrast Imagery
Direct high-contrast imaging of protoplanetary disks also plays a crucial role in determining their
structure and probing the regions where planet formation may be taking place. In the last few years,
polarimetric differential imaging (PDI) of the NIR scattered light from disks has revealed previously
unseen characteristics of these objects. The technique takes advantage of the fact that direct light
from the star is essentially unpolarized, whereas light scattered from the dust grains in the surface
layer is polarized. As a result, the stellar residual in these polarized intensity images is much smaller
than in full intensity images, greatly enhancing our ability to discern the disk structure (Figure 1.7).
Most recent results have been obtained from ground-based instruments on three 8 meter class
telescopes: Gemini-S/NICI, VLT/NACO, and the majority of the Herbig star data using Sub-
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Figure 1.6: Example SED of GM Aurigae, showing coverage from the ultraviolet to millimeter wavelengths from
both photometric and spectroscopic data. The strong silicate feature at 10 µm is indicative of the composition of
the disk and the height of the (sub)millimeter data gives insight into its mass.
aru/HiCIAO through the Strategic Exploration of Exoplanets and Disks with Subaru (SEEDS)
campaign81,36. These instruments generally use adaptive optics to reduce the effect of wavefront dis-
tortions caused by atmospheric turbulence. Many instruments also use angular differential imaging
(ADI) to remove pixel-to-pixel variations and detector defects along with a coronagraphic spot to
further isolate the disk emission from that of the star.
1.2.3 Interferometry
Interferometry has its own advantages in adding to our understanding of protoplanetary disks. The
diffraction-limited resolutions of space and terrestrial telescopes are insufficient to resolve the hot
innermost regions of disks. As an example, one Earth orbit around an object 140 pc away would
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Figure 1.7: Direct imaging results of many protoplanetary disks from a variety of publications, showing various
structural characteristics such as gaps, rings, and spiral arms. See review in Grady et al. 36 for original publication
sources for each images.
subtend an angle of around 7 milliarcseconds. Comparatively, a 10 m telescope with a diffraction-
limited angular resolution
θrad = 1:22
λ
D ; (1.1)
whereD is the telescope diameter and λ is the wavelength of light, will have a resolution 50 mil-
liarcseconds in the NIR, where the hot inner disks primarily radiate. This is insufficient to spatially
resolve these regions. Similar issues exist when trying to resolve disks at the millimeter wavelengths
emitted by the outer reaches of a disk.
Interferometry gets around these problems without building a very large telescope by using an
array of smaller telescopes and the principle of wave interference to synthesize a larger aperture and
provide very fine angular resolutions. NIR interferometry provides a glimpse into the structure of
the inner terrestrial planet regions of protoplanetary disks, and millimeter interferometry is useful
in studying the cooler outer regions of disks and determining disk mass. Observations from the
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Figure 1.8: ALMA interferometry observations of the gas and dust in the disks around SAO 206462 (top row) and
SR 21 (bottom row) as published in Pérez et al.68. Left: A map of ﬂux produced by warm dust in the disks. Center:
An intensity map of the CO gas in the disks. Right: A radial velocity map showing rotation of the disks.
Atacama Large Millimeter/submillimeter Array (ALMA) for two protoplanetary disks can be see in
Figure 1.8.
1.3 Role forModeling
As invaluable as the various diagnostic data mentioned above are, interpreting these observations
generally requires a more detailed model. Developing a theoretical model allows one to check which
parts of the disk structure are responsible for different emission features we see in the SED (Figure
1.9). Knowing where the emission must be coming from and how the disk must be shaped to repro-
duce what we see gives us an idea of what the general shape and structure of disks without having
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Figure 1.9: Typical SED of a continuous protoplanetary disk, showing areas of the disk where different emis-
sion features primarily originate. In addition to these features, ultraviolet excess may be created from accretion
hotspots on the star. Figure adapted from Dullemond et al.25
to resolve them. As an example, the SEDs of some protoplanetary disks exhibit a peculiar dip in the
infrared portion of their spectrum, leading some to surmise that it results from a depleted area in the
disk where material was no longer emitting at those wavelengths – a gap78,76. The presence of gaps
in some disks has since been confirmed by other types of observation (see Figures 1.8 and 1.7).
Models that utilize just the SED of an object can be degenerate, however, with multiple param-
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eter choices producing similar results. By bringing in other types of observation, such as high-
contrast imagery and interferometry, we can dramatically reduce the number of free parameters
involved in this process. Investigating this reduced parameter space with models then allows us to
plug the holes in our understanding in a way that cannot be done by imaging alone, and do so confi-
dently.
ModernMonte Carlo simulations not only produce SEDs to check against observation, but also
synthetic disk images at arbitrary wavelengths and disk inclination angles, which can be visually
compared with existing imagery. This multifaceted approach allows radiative transfer modeling
to provide further insight into the structure of these disks, with the constraints of various observa-
tional techniques bolstering their validity. This is the approach we take in this work to investigate
the structure of four transitional disks: V1247 Orionis, Ophiuchus IRS 48, GMAurigae, and SAO
206462.
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A Photon is emitted, it travels a distance, and then
something happens to it.
Wood et al. 97
2
TheWhitney Code
All of the protoplanetary disk modeling contained in this work was done with the Whitney radiative
transfer code, described in detail in Whitney et al.94,95,93. This chapter will serve as a basic introduc-
tion to the method of radiative transfer and how the code works. Much of what is written below on
the general subject of radiative transfer modeling was informed byWood et al.97 andWhitney92.
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2.1 The Need for Radiative Transfer
Study of the chain of events between the emission of photons from a source, their transmission
through and interaction with some medium, and their detection by an instrument on Earth is of
the utmost importance in astronomy. Because the appearances and spectra of distant objects are
changed in the presence of opaque material in the path between us and the object, an understanding
of the physics of radiative transfer, or how energy is transported in the form of electromagnetic
radiation, is needed in order to correctly interpret the data we collect from these sources.
Light from a young star interacting with its protoplanetary disk can be scattered, or absorbed and
thermally re-emitted. In both cases, the number of photons at a given wavelength detected back on
Earth will be different than if the photons had a clear path between us and the source of emission.
In addition, the disk can induce a polarization through its interaction with the typically unpolarized
light from the star.
While the radiative transfer equations can be solved analytically in certain simple circumstances
– such as a spherically-symmetric and homogeneous medium – a numerical approach is best suited
when disk geometries and compositions are much more complex. In the Monte Carlo Radiative
Transfer (MCRT) approach, the path of a photon emitted by a source is tracked through the medium
to its demise by absorption, either by the medium itself or a detector. By repeating this process mil-
lions (or billions) of times, it is possible to mimic SED and imagery of an object of interest if we
sufficiently recreate its structure and composition. TheWhitney MCRT code includes a flexible
set of input parameters which can be used to construct a large variety of disk geometries and dust
compositions.
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2.2 Building the Disk
For the basic disk structure used by the code, a standard flared accretion density is employed72,58,69,8,38.
Defining a coordinate system (r; z) in which r is the radial coordinate in the disk midplane and z is
the vertical distance from the midplane, the density of the dust in the disk is given by
ρ(r; z) = ρ0
R
r
α
exp
(
 12
 z
h(r)
2)
; (2.1)
whereR is the radius of the star. The disk scale height h(r) is given by
h(r) = h0
 r
R
β
; (2.2)
where h0 is the reference scale height specified at a particular distance. The flaring exponent β and
the radial density exponent α are related by α = β + 1 if the disk is assumed to be in hydrostatic
equilibrium, where the pressure of the gas and the vertical component of the stellar gravity are bal-
anced throughout the disk – resulting in a flared disk shape. The disk is assigned an inner and outer
disk radius by the user,Rmin andRmax, respectively.
While protoplanetary disks are mostly composed of gas, the Whitney MCRT code models only
the dust in these objects as it represents the bulk of the opaque material in the disk. The total mass
of the diskMdisk is specified by the user and the code assumes a gas:dust mass ratio of 100:1, which
it uses to determine the total dust mass. The code integrates ρ(r; z) over the total volume of the disk
and sets this equal to the dust mass to determine the normalization constant ρ0 in equation 2.1.
Additional parameters to introduce gaps, spiral arms, puffed inner rims, etc. are also available
in the code to add greater complexity to the disk structure. However, along with the parameters
characterizing the star at the center of the disk, a basic approach to modeling the structure of a pro-
toplanetary disk can be accomplished with just the parameters listed above.
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One simple technique the code uses to increase flexibility is to provide two overlapping con-
stituent disks to work with, each carrying its own set of Rmin,Rmax,Mdisk, h0, α, and β, among
other parameters. This permits the user to not only reproduce more complex geometries, but it also
allows for modeling dust settling in the disk22,23,24. This effect is achieved by assigning one of the
two disks a smaller scale height and a population of larger grains. This paradigm of using a taller disk
of “small” grains and a shorter disk of “large” grains, overlapping to form the total disk structure is
used throughout this work.
2.3 HowMCRTWorks
The basic idea behindMCRT is that of a photon’s random walk, as probabilistic methods are used
to simulate the transport of individual photon packets (abbreviated “photons” for simplicity)
through a medium. The code must be able to describe the source of radiation, trace a path for the
photon through the medium while describing all of its interactions, and calculate relevant parame-
ters along the way. After repeating this process for a large number of photons, statistical significance
can be attached to the calculated parameters as they converge on a mean value, hopefully producing
useful results for the user.
The process of radiative transfer begins with central source in the model, whose stellar character-
istics – temperature, radius, luminosity, etc. – define the nature of its emission. A photon generated
by the star may then enter into the medium. Because the density of protoplanetary disks varies with
position, the simulation takes place on a grid in some convenient coordinate system, and each grid
cell is assigned a constant density. The photon traveling through this grid structure interacts in a
probabilistic way determined by a random number generator and the scattering and absorption
cross sections of the particles composing the medium. If the photon is scattered, it is assigned a new
direction determined by the angular phase function of the scattering particle. If the photon is ab-
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sorbed, it is destroyed, and a new thermal photon is created with a new wavelength and different
direction of travel. In the case of dust as the absorbing particle, it will generally scatter and absorb
radiation at optical wavelengths and emit in the infrared.
The original photon emitted by the star may undergo multiple scatterings and absorptions, ran-
domly walking until it eventually escapes the medium. The code records the final wavelength and
angle of exit. Running through this process allows for the generation of SEDs and images which
characterize the flux of the star+disk at different wavelengths.
2.4 Examples
TheWhitney MCRT code takes an large array of input parameters for both the star and its disk.
In this section, a small, important subset of those parameters will be varied to in order to display
the effects that they have on the SED and disk structure. Because the characteristics of the star are
simpler and generally better known than that of its disk, all of the following parameter changes will
concern the disk only. The base model used in displaying the parameters changes is a slight variant
of the modcII sample model which is included with the code and is always plotted in black.
2.4.1 Grain Size & Composition
Included with the code are a number of grain files which specify the size distribution and compo-
sition of dust grains to be used in the simulations. This allows the user to choose from a variety of
grain types depending on the characteristics they are looking for. Shown in Figure 2.1 are a few re-
sults of changing the grain type used.
In the base model, the relatively small ISM grains of Kim et al.51 (labeled in the code as “kmh”)
are used. The grains are composed of a mixture of silicate and graphite and have a size distribution
following a power-law of the form n(a) / ap (p =  3:06 for silicate and 3:48 for graphite) with
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Figure 2.1: The results of changing the grain type on the SED of the system in the base model, showing the ef-
fects of grains at three different sizes and two different compositions.
an exponential decay above some size (0.14 μm for silicate and 0.28 μm for graphite). Representing
“large” and “larger” grains are the Model 1 (www003) andModel 3 (www005) grain prescriptions
of Wood et al.99, respectively. Both grain prescriptions are a mixture of amorphous carbon and sil-
icate, and they assume a power-law size distribution n(a) / a 3:0 up to a maximum grain size of
1000 μm. Model 3 lacks the exponential decay of Model 1, giving it more grains at the larger end
of the size distribution. This fact is made clearly apparent in their SEDs, as larger grains tend to run
cooler than smaller grains. Both of these grain models lack the prominent 10 μm silicate feature of
the smaller ISM grains.
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Figure 2.2: The results of changing the gap size on the SED of the system in the base model, showing gaps at
three different sizes and their effects. In addition to producing an SED of the system, the Whitney MCRT code
also generates graphical representations of cuts through the disk structure. The right-hand panels are examples
of the density in the disks for each of gap sizes, shown at three different spatial scales.
2.4.2 Gap Size
The code includes a set of parameters which allow the user to introduce a gap in the disk, allowing
one to reproduce this characteristic feature of transitional protoplanetary disks. The inner and outer
radii for the gap can be specified, as well as a depletion parameter δgap, which controls howmuch
dust in the gap. Shown in Figure 2.2 are a few results of changing the size of the gap in the disk.
In the base model, no gap is present in the disk, and subsequent variations introduce a gap start-
ing at 0.5 AU with different outer radii. The depletion parameter was unchanged in the gapped
models. As the gap is pushed further outward, a drop of flux in the mid-infrared (MIR) becomes
more prominent.
2.4.3 Reference Scale Height, h0
As shown in equations 2.1 and 2.2, the scale height is indicative of the vertical height of the disk. At
a given midplane distance from the star, the scale height is a function of a reference scale height h0
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Figure 2.3: Left: The results of changing the reference scale height on the SED of the system in the base model,
showing the effects of an increasingly taller disk. Right: The density in the disk, as described previously (Figure
2.2).
and a flaring exponent β. First we will look at the effects of varying h0, defined as the scale height of
the disk at a distance r = R. Shown in Figure 2.3 are a few results of changing the reference scale
height of the disk.
As h0 is increased, the larger vertical sizes allow the disk to intercept more of the light from the
star. The disk then thermally re-emits the light at longer wavelengths, resulting in an increase in flux
from the disk contribution to the SEDs. Unchanged in each SED is the stellar contribution to the
total emission, resulting in a near-constant flux at shorter wavelengths across each model.
2.4.4 Disk Flare, β
The flaring exponent β can also be used to increase the overall scale height of the disk, with slight
differences that separate its effects from h0. Because h0 is a constant multiplier to the scale height,
changes in its value affect the disk structure and SEDs in a roughly uniformmanner. Changes in the
flaring exponent β, on the other hand, manifest themselves in a more substantial fashion the further
you are from the star. The effects of varying this parameter can be shown in Figure 2.4.
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Figure 2.4: Left: The results of changing the ﬂare exponent on the SED of the system in the base model, showing
the effects of an increasingly ﬂared disk. Right: The density in the disk, as described previously (Figure 2.2).
As β is increased, the outer reaches of the disk see a much larger change in their height compared
to the inner disk region. This allows the user to swing the the flux at longer wavelengths in a dra-
matic way without causing a similar change at NIR wavelengths. That being said, there is an overlap
in the functionality between β and h0 and sometimes changing both in tandem is needed to achieve
the desired result. For example, an increase in h0 can be used to grow the flux in the NIR, with a
subsequent decrease in β to compensate for an unwanted rise of flux in the FIR.
2.4.5 DiskMass
As can be seen in Figures 2.3 and 7.1, increasing or decreasing the scale height of the disk will cause
a corresponding raising or lowering of the flux in the NIR to FIR regions of the spectrum. What re-
mains largely unchanged by these adjustments, however, is the flux at submillimeter and millimeter
wavelengths. One way to affect the flux at these longer wavelengths is by increasing the amount of
mass in the disk, which is shown in Figure 2.5.
The effect of changing the mass of the disk on the submillimeter and millimeter flux is immedi-
ately apparent, with the NIR toMIR regions largely unaffected in this range of disk mass values. As
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Figure 2.5: The results of changing the amount of disk mass in the base model, showing the effects of an increas-
ingly massive disk.
the mass of the disk is increased, the cooler regions of the disk furthest from the star begin to emit
more radiation at these longer wavelengths.
2.4.6 Disk Inclination
One of the more visually-apparent aspects of a protoplanetary disk in imaging observations is its
inclination relative to the observer. The code allows for inclinations ranging from a face-on disk
(θ = 0) to edge-on one (θ = 90). The effects of varying this parameter can be see in Figure 2.6.
While the SED in the base model is only marginally affected by a 65 degree increase in the incli-
nation from face-on, an edge-on disk results in a large extinction of the flux at shorter wavelengths.
This result is expected, given that the disk is now positioned between us and the star, largely shield-
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Figure 2.6: The results of changing the inclination of the disk on the SED of the system in the base model, show-
ing the effects of an increasingly inclined disk.
ing the observer from the direct stellar contribution to the SED.
2.4.7 Puffed Inner Disk Rim
While changes in the scale height of the disk manifest themselves throughout the entire disk struc-
ture, the code also allows for a puffed inner disk rim. This can be thought of as a local increase to the
scale height at the inner radius of the disk. This feature is meant to reproduce the “puffing” effect
due to heating of the disk closest to the star23 and is specified by two parameters: one for its height
and another for its length. The effects of increasing the size of the puffed inner disk rim can be seen
in Figure 2.7.
Increasing the puff size manifests itself in two ways. First, the larger the size of the puff, the
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Figure 2.7: Left: The results of changing the size of the inner disk rim on the SED of the system, showing the
effects of an increasingly large puff. Right: The density in the disk, as described previously (Figure 2.2).
greater the flux in some regions of the spectrum. As with increasing the scale height, the taller a
given region of the disk is, the greater the likelihood that it will intercept light from the star and
then thermally re-emit it. Because a puff can be thought of as a local increase in the scale height, the
subsequent increase of flux takes place in a much narrower wavelength band. Second, because we are
only increasing the height of the disk nearest to the star, a shadowing effect is created. This shadow-
ing results in a loss of MIR to FIR flux in the SED and indicates that regions further out in the disk
are intercepting less photons than if the inner disk rim not been puffed up.
2.4.8 Disk Images
In addition to the SEDs and density plots shown above, the code also generates images of the disk
models through a variety of built-in wavelength filters that are common in the field. Models can
then be compared to observational images, allowing the user to further constrain the modeling by
requiring that it reproduce not only the SED, but also known imagery. Additional filters may be
added to the code by the user if they have the appropriate throughput curves for that filter. Dis-
played in Figure 2.8 is a composite image of the base model, shown at standard J,H, and K bands
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Figure 2.8: Composite image of the base model, shown in J, H, and K bands. The disk has been inclined at an
angle of 55 and rotated to a major axis position angle of 90. The image color is the result of the color palette
used and is not indicative of the actual color of the disk.
and inclined at an angle of 55. The major axis position angle, defined as zero when the major axis is
pointing north and increasing towards the east, is 90 if north is pointing up in the image.
Generating crisp images requires running the code for many more photons than what is required
to get a clean SED – a relatively noise-free SED can be achieved with as little as a million photons
and an image of similar quality may require upwards of a billion. While computationally expensive,
disk images are indispensable as an additional constraint when observational images exist.
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Part II
Objects
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Why These Objects?
As mentioned in Section 1.1.2, transitional disks potentially represent the stage in the evolution
of a disk where planets are clearing large regions of material and forming inner holes or gaps in the
disk structure. Knowing the size and location of these disk gaps, as well as the overall disk structure,
provides constraints for planet formation models and enhances our knowledge of the process.
Each of the four objects modeled herein are transitional in nature. In addition, each object has
been recently observed in a way that helps constrain the parameter space enough to allow for accu-
rate modeling and warrant their investigation through this technique:
• The disk around V1247 Orionis was recently detected via a variety of interferometric obser-
vations in Kraus et al.53, offering some constraints on potential modeling. In addition, the
object was soon to be observed in NIR scattered light, motivating a complete modeling effort
where few, if any, had existed before for this object.
• The disk around Ophiuchus IRS 48 was first detected in scattered light by Follette et al.30
and we contributed the SEDmodeling, as well as supplement the disk modeling for that
work. Our modeling results were useful in interpreting some aspects of the scattered light
imagery, as well as fill in some of the disk parameters not easily discerned from imagery alone.
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• The disk around GMAurigae was recently imaged in the FUV in Hornbeck et al.44 and we
performed the modeling of the SED and imagery in an attempt to reproduce the results they
acquired, which assists in their interpretation.
• The disk around SAO 206462 has been modeled numerous times in the literature as new
data emerges and with a variety of methods. Recent NIR scattered light imagery in Muto
et al.67 and Garufi et al.33 reveal two spiral arm structures in the disk that have not been a
part of SEDmodels in the past. A complete modeling effort allows us to investigate what
effects, if any, modeling the spiral arms has on the rest of the disk structure, as well as see if a
single model can successfully reproduce the numerous data types in a self-consistent way.
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3
V1247 Orionis
V1247 Orionis is a Herbig F star, located in the Orion OB1 b association. It is surrounded by a
transitional disk and has an estimated age of 5 – 10 million years 11,53.
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3.1 Modeling V1247 Orionis
3.1.1 Stellar Properties
In order to avoid model degeneracy, code parameters were fixed to observed values where avail-
able. Therefore, our modeling for this object was heavily influenced by the interferometry work
of Kraus et al.53 and we stick closely to their values where we can. For the central emitting source in
our model, we assume an F0V spectral type pre-main-sequence star, temperature of 7250 K, mass of
1.86M, radius of 2.3 R, and a distance of 385 pc.
3.1.2 Overall Disk Structure
The overall structure of our disk also follows their findings. Their model consists of an optically
thick inner torus extending from 0.18 AU to 0.27 AU, a lower-density “gap” dominated by car-
bonaceous grains extending out to 46 AU, and a second optically thick disk out to 85 AU. Our
model differs in requiring the outer disk extend to 300 AU.We found that the use of the 85 AU
outer disk radius led us to larger grain types which did not conform to the shape of the outer disk
region of the SED as well as smaller, ISM-like grains (discussed below). With the smaller grains, we
found a much more natural fit occurred as we pushed the outer disk radius further outward. We
assume an overall disk inclination of 31 and, though it has no effect on the SED, we also rotate
the final model images to a major axis position angle of 104 to match future published imagery.
These disk rotation values are chosen to be consistent with the estimates yielded by the best fit two-
component model in Kraus et al.53. See Figure 3.1 for a simple schematic of the horizontal structure
of our model.
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Figure 3.1: Schematic of our V1247 Orionis model, showing the horizontal disk structure and grain types used.
The vertical dimensions are only indicative of the basic disk shape.
3.1.3 Inner Disk Structure
The large amount of NIR excess shown in the SED strongly suggests an inner disk that intercepts a
substantial fraction of the stellar radiation field. While the spatially resolved observations of Kraus
et al.53 provides information on the radial dimensions of a possible inner disk before the large gap,
an investigation of its vertical extent lends itself well to MCRTmodeling. We found that a relatively
tall inner disk structure was required in order to intercept a large fraction of the photons emitted
by the star and re-emit them in the NIR at levels needed to reproduce the data. While this inner
disk can be characterized as “tall”, we found that a more extreme structure such as a halo was not
needed. This lack of need for halos in all of our models will be discussed in greater detail in Section
7.3. Instead, we opted for a puffed inner disk rim over a general increase in scale height due to the lo-
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Figure 3.2: Density proﬁle of V1247 Orionis at three distance scales. Panel 1: The inner disk structure, responsi-
ble for the bulk of the NIR and MIR emission, as well as the beginnings of the disk gap. Panel 2: The gap in the
disk, out to 46 AU. Panel 3: The entirety of the disk, dominated by the outer disk component at this scale. All
distances shown are in AU.
calized nature of a puffed rim. While an increase in scale height would have given us a tall inner disk,
it would have also increased the height of the disk globally and created unwanted flux. A puffed rim
also provides shadowing, assisting the disk gap in creating the dip in the flux characteristic of transi-
tional disks. A density profile showing a cross-subsection of the disk can be found in Figure 3.2.
3.1.4 Disk Composition
For the smaller dust grains which extend furthest from the midplane, we use an ISM dust model
based on the prescription of Kim et al.51, composed of a mixture of silicate and graphite. The size
distribution follows a power-law of the form n(a) / ap (p =  3:06 for silicate and 3:48 for
graphite) with an exponential decay above some size (0.14 μm for silicate and 0.28 μm for graphite).
However, to mitigate the broad 10 μm silicate feature this dust model produces, something we do
not see in the data, we instituted hard cutoffs to include grains only between 0.1 – 1.0μm in size
(see Follette et al.30 for more on this unwanted silicate feature in SEDmodeling). While this cut-
off helped alleviate the problem, a better solution is left to be desired. Unwanted features aside, we
found that this ISM dust prescription was the most effective in conforming to the FIR data.
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For the dust grains settled in the midplane, we use amorphous carbon grains following a n(a) /
a 3:5 distribution 14. This choice was made because carbonaceous grains do not add to the un-
wanted silicate feature. To mimic the effects of dust settling in the midplane, the carbon disk is set to
roughly half of the scale height of the ISM grains disk.
Lastly, to account for the hydrocarbon emission features present in the SED (shown in Figure
3.3), we assigned a very small fraction (just under 1%) of the ISM grains disk mass to the dust model
of Draine & Li21. While this exacerbated our silicate bump problem somewhat, the presence of
these features in the data indicates that there needed to be a hydrocarbon component to our model.
3.1.5 Gap
In our best fit model, the gap region of 0.27 – 46 AUwas wholly depleted for the small, ISM grains
disk. This was done primarily to help mitigate the presence of a 10 μm silicate bump our model pro-
duces, but also because observations reveal that region to be carbon-dominated53. Accordingly, our
carbon disk was then depleted by a factor δgap = 0:0001 to keep it optically thin while maintaining
a detectable presence. In our experience, the level of depletion was not heavily constrained by the
modeling and it warrants further investigation using other techniques.
3.1.6 DiskMass
For the total mass of the disk, a value ofMdisk = 0:048M was required to fit the FIR data points.
We found that smaller disk masses produced a spectrum which dropped off too abruptly and failed
to meet the level of the data in that region. We were then best able to match the SED by placing 80%
of the total dust mass in the settled, carbon disk and the remaining 20% in the extended, ISM-like
grains. This provided an effective fit to the MIR bump and FIR data. Similar divisions of dust mass
have been found to be effective in the modeling of other objects5,30.
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3.2 V1247 Orionis Results
3.2.1 Spectral Energy Distribution
The SED generated by our model proved to be a very effective overall fit to the available spectra and
photometry. In particular, the inner disk structure of the model was successful in fitting the MIR
and NIR excess shown in the data. Also, our choice of grain composition and structure in the outer
disk closely match the latter half of the Spitzer IRS spectrum and the longer wavelength photome-
try. The hydrocarbon emission features present in the MIR were also successfully reproduced.
Shortcomings in the SED fit are almost entirely represented in the 10 μm region, where our
Figure 3.3: Best ﬁt V1247 Orionis model plotted alongside available data (see Table B.1 for data sources). Ad-
ditional SpeX spectra which show the variability of the ﬂux at those wavelengths can be found in Section 2 of
Swearingen et al. 79. Because there is not much variability in the SpeX data sets at this scale, a single representa-
tive data set has been chosen to avoid overcrowding the plot.
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Figure 3.4: Model-generated image of the disk surrounding V1247 Orionis, shown as a J, H, and K band com-
posite image. The disk here is shown at an inclination of 31 and a major axis position angle of 104. No further
processing was done to the image and it is shown in a log color scale.
model fails to nest into the data effectively. As discussed in Section 3.1.4, this issue arises from our
choice of grain composition in both the extended outer disk dust and the grains that were added to
provide the hydrocarbon emission features. Though these choices do introduce a small discrepancy,
the compromise is one we are comfortable in making in order to fit other aspects of the data until a
more effective solution is achieved.
3.2.2 Disk Images
Published imagery of the disk surrounding V1247 Orionis does not yet exist, still we present a J,H,
andK band model-generated composite image to give a visual representation on the structure of our
model (Figure 3.4). An interesting visual characteristic of this image is the appearance of a dark lane
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shown in the northern rim of the outer disk which is caused by shadowing from the much smaller
inner disk component to the model.
3.2.3 Surface Brightness
Though a visual comparison to observation cannot be made at this time, we can extract a surface
brightness profile from our images which can be compared to observations in the future. We per-
formed an azimuthally-averaged analysis of the polarized flux in theH band, restricting our fit to
roughly the middle-third portion of the disk. This choice was made given the degree of inclination
in the disk and the effects that it has on the averaging. In doing so, we found the surface brightness
of the outer disk to be best fit by an r 2:60 power law (Figure 3.5). To check the validity of this ap-
proach, we also performed a fit to the surface brightness along just the major axis of the disk. With
Figure 3.5: Surface brightness proﬁle of the disk surrounding V1247 Orionis, calculated from a polarized ﬂux
image in the H band. Due to the nature of azimuthally-averaging over a highly inclined disk, we restrict the ﬁt to
the middle-third of the outer disk.
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that technique, we found that the result differed only slightly, going as r 2:77.
A complete list of relevant model parameters can be found in Table A.1. More information on
the data we used to construct the SED can be found in Table B.1.
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4
Ophiuchus IRS 48
Ophiuchus IRS 48 is a Herbig Ae star, located in the ρOphiuchi cloud complex. It is surrounded
by a transitional disk and has an estimated age of around 8 million years30.
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4.1 Modeling Ophiuchus IRS 48
4.1.1 Stellar Properties
The basic stellar properties of Ophiuchus IRS 48 are discussed in Follette et al.30, where we used
various methods to determine parameters for both the star and its surrounding disk. Unless stated
otherwise, the following values reference that work. For the central emitting source, we assume an
A0 spectral type pre-main-sequence star, temperature of 9500 K, mass of 2.2M, radius of 1.8 R,
and a distance of 121 pc57.
4.1.2 Overall Disk Structure
Using the Subaru/HiCIAO imaging results of our collaborators on that publication, as well as tak-
ing into account other values found in the literature, we settled on a disk structure consisting of a
depleted region out from the sublimation radius to a distance of 60 AU. From there, an outer disk
extended to 160 AU from the central star. The results of the high-contrast imaging were consistent
with published values for the inclination and major axis position angle of the disk. Therefore, we
adopted an overall disk inclination of 50 and rotated our final model images to a major axis posi-
tion angle of 97:4. This final position angle rotation was necessary for direct visual comparison to
our observed disk images, and for performing a multiple-cut radial surface brightness analysis on our
model images that was consistent with the techniques used on the HiCIAO imagery. These analyses
will be addressed in Sections 4.2.2 and 4.2.3, respectively. See Figure 4.1 for a simple schematic of
the horizontal structure of our model.
4.1.3 Lack of Substantial Inner DiskMaterial
Unlike the other objects discussed in this work, our model for Ophiuchus IRS 48 lacks an inner disk
component to its structure. Previous modelers have employed a halo60 or an separate inner disk
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Figure 4.1: Schematic of our Ophiuchus IRS 48 model, showing the basic horizontal disk structure and grain types
used. No real information is contained in the vertical direction.
component 10 to account for the NIR excess seen in the SED. This is due to their assumptions of
a lower stellar luminosity. Our choice of extinction law30 increases the intrinsic luminosity of the
star and thus the emission from the stellar atmosphere accounts for nearly all of the flux we see out
through the NIR. Because of this, we simply have the disk depleted out to a outer disk wall at 60
AU, forming an inner hole in the disk. From this, we might infer that this was once a gapped disk
and clearing has reached the sublimation radius.
4.1.4 Disk Composition
For the smaller dust grains which extend furthest from the midplane, we use an ISM dust model
based on the prescription of Kim et al.51, composed of a mixture of silicate and graphite. The size
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distribution follows a power-law of the form n(a) / ap (p =  3:06 for silicate and 3:48 for
graphite) with an exponential decay above some size (0.14 μm for silicate and 0.28 μm for graphite).
However, to lower the broad 10 μm silicate feature this dust model produces, something we do not
see in the data, hard cutoffs were added to the grain prescription to include grains only between 0.1
– 1.0 μm in size (see Follette et al.30 for more on this unwanted silicate feature in SEDmodeling).
That aside, we found that these ISM grains were most effective in fitting the Spitzer IRS data62 from
around 20 μm and longer. These grains were also best suited for reproducing general disk features
of the HiCIAO imagery in our model disk images, discussed in Section 4.2.2.
For the larger dust grains settled in the midplane, we used the Model 2 grain prescription from
Wood et al.99, composed of a mixture of amorphous carbon and astronomical silicates. These grains
assume a power-law size distribution n(a) / a 3:5 up to a maximum size of 1000 μm. Treating
the disk mass as a fixed parameter 10, we found that this dust model was best able to simultaneously
reproduce theHerschel PACS29 spectrum and the longest wavelength photometry4. Similar dust
models with a smaller maximum grain size were found to overproduce submillimeter flux unless the
disk mass was set to a factor of three lower than our fixed value. They also poorly reproduced the
slope of the PACS spectrum. To mimic the effects of our chosen grains settling in the midplane, they
were restricted to 20% of the scale height of our extended ISM grains.
Lastly, the polycyclic aromatic hydrocarbon (PAH) emission features visible in the Spitzer IRS
spectrum are very strong34. In order to account for those features, we assigned 5.5% of the ISM
grains disk mass to the dust model of Draine & Li21. Although the addition of these grains wors-
ened the broad and unwanted 10 μm silicate feature in our model, the additional PAH features
these grains bring to the model warrant their inclusion.
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4.1.5 InnerHole
In our best fit model, the depleted region extends from the sublimation radius out to 60 AU and
is depleted by a factor of δhole = 0:004. This factor is larger than what was inferred by Bruderer
et al. 10, but given that their disk was wholly depleted from 1 – 60 AU, and then depleted by a factor
of δ = 0:0009 inward from there, a direct comparison is difficult to make. In general, as was the
case with our other models, this factor is hard to constrain in the SEDmodeling. Assistance was
provided by imagery, which requires a certain level of material in the depleted region to account for
shadowing seen in the outer disk. Even still, a precise depletion factor was difficult to arrive at in the
modeling.
4.1.6 DiskMass
We treat the dust mass value ofMdust = 1:6  10 5 M found in Bruderer et al. 10 as a fixed
parameter in our model. The 100:1 gas:dust mass ratio of the MCRT code translates this into a total
disk mass of roughlyMdisk = 1:610 3 M. This value informed our choices of dust prescriptions
in the model (see Section 4.1.4). For the division of mass between our large and small grains disks,
best agreement with the SED was found by placing 88% of the dust mass in the large grains closer
to the midplane, and the remaining 12% in the small grains. We found this 88%/12% split was best
suited to simultaneously fit the size and shape of the 20 μmMIR bump and the flux levels of the
submillimeter photometry. This division of mass is similar to values found by other modelers for
this and other transitional disks (e.g., Andrews et al.5).
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4.2 Ophiuchus IRS 48 Results
4.2.1 Spectral Energy Distribution
The de-reddened data sets in the SED were fit effectively across the full wavelength range by the
model, with one noticeable exception (see Follette et al.30 for more on the de-reddening of the ob-
servational data). Even without the use of an inner disk component in our model, the NIR excess
was fit without issue, and the strong PAH emission features in the MIR data were effectively ac-
counted for. In the FIR region, strongly-constrained by the shapes of the Spitzer IRS andHerschel
PACS spectra, we find that our model closely matches the data through the submillimeter photome-
try.
The single deficiency in the agreement between our model and the data occurs at 10 μm, where
our choice in grain prescriptions produces a broad silicate feature that we do not see in the data. Pre-
viously discussed in Section 3.2.1, this proved to be problematic throughout our modeling efforts,
though we were able to lessen its presence by putting restrictions on the ISM grain sizes in the disk.
We consider this to indicate the need for a greater variety of grain types that come standard with the
MCRT code. This small blight on the model fit aside, the degree to which the model is in agreement
with the SED gives us confidence in our parameter choices, particularly when bolstered by agree-
ment found between our model imagery and observations. An alternative model which seeks to
further reduce the unwanted silicate feature will be discussed in Section 4.3.
4.2.2 Disk Images
Throughout the process of modeling the SED, we ran our models with billions of photons in or-
der to generate crisp scattered light disk images to compare with the Subaru/HiCIAO imagery (see
Figure 4.3 for our final, raw model-generated disk image in three NIR bands). In doing so, changes
were made to the model in order to provide best agreement between our synthetic SEDs/images and
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Figure 4.2: Best ﬁt Ophiuchus IRS 48 model plotted alongside available data (see Table B.2 for data sources).
their real-world counterparts. In particular, we tried to match the brightness distribution and geom-
etry of the observed images (shown in Figure 4.4), while keeping deviations from our SED fits to a
minimum. In order to allow for better comparison to the observed images, we convolved our raw
model disk images with the HiCIAO point spread function (PSF) at each wavelength (Figure 4.5;
see Follette et al.30 for details on how the PSFs were obtained).
Visible in the raw model images is a dark lane in the northern section of the disk caused by shad-
owing from dust grains within the depleted inner hole. A similar dark lane should also be present in
the southern section, but is kept from view of the observer by the inclination of disk. This feature
is not visible in the convolved images – instead its presence is manifested as an extended shadow in
the northern section of the outer disk wall, something we also see in the observed imagery. There-
fore we presume that the faintness in this area of the HiCIAO images is attributable to the small, but
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Figure 4.3: Model-generated image of the disk surrounding Ophiuchus IRS 48, shown as a J, H, and K band
composite image. The disk here is shown at an inclination of 50 and a major axis position angle of 97.4. No
further processing was done to the image and it is shown in a log color scale.
non-negligible amount of dust still present within the inner hole.
Our convolved model images were able to successfully reproduce the general structure and rela-
tive peak brightnesses of the observed images, particularly in the eastern section of the disk. How-
ever, asymmetries in the actual disk, especially in the western and southwestern sections at K band
wavelength (see Figure 4.4), were not reproduced. This is an inherent limitation of using an azimuthally-
symmetric model. TheWhitney MCRT code does contain elements which break the azimuthal
symmetry, though it is beyond the scope of our investigation to see if they could be utilized to re-
produce the asymmetries present in the observed disk structure. Further analysis on the model-
generated images can be found in Follette et al.30.
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Figure 4.4: HiCIAO polarized ﬂux images of Ophiuchus IRS 48 in H (left) and Ks (right) bands after subtraction of
a residual polarized “halo”, an instrumental artifact in the HiCIAO images. A pixel mask has been plotted over the
stellar residual. More information on these disk images can be found in Follette et al. 30.
4.2.3 Surface Brightness
Radial surface brightness profiles were also taken through the convolved model disk images and
compared to measurements made in the HiCIAO imagery. In both the observed and model disks,
the images were first deprojected to remove the effect of their inclination of 50, along a major axis
position angle of 97:4. This allowed for comparison of profiles taken through any direction in the
disk. Contrary to the observed disk images, the model images display a large degree of east/west sym-
metry, which we would expect in an azimuthally-symmetric model. However, the model images do
generally reproduce the shape, location, and relative intensity of the peaks seen in the observed radial
profiles. A more detailed analysis of the radial profiles of the observed disk images can be found in
Follette et al.30.
A complete list of relevant model parameters can be found in Table A.2. More information on
the data we used to construct the SED can be found in Table B.2.
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Figure 4.5: Polarized ﬂux model-generated contour plots of Oph IRS 48 in H (left) and Ks (right) bands. Top panel:
Normalized intensity raw disk images. Bottom panel: Top panel images after being convolved with the observed
PSF 30 at each wavelength.
4.3 A Failed, Yet Illuminating AlternativeModel
While iterating on the choices that would become our final disk model, a parallel effort to further
minimize the broad 10 μm silicate was carried out in a fork of the modeling. As discussed in Section
4.1.4, our choice of ISM grains for the smaller grains disk and the inclusion of PAHs to reproduce
the characteristic features were the primary culprits behind this 10 μm excess. Using a 10 μm nar-
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Figure 4.6: Radial surface brightness proﬁles taken from polarized ﬂux images in the H (left) and Ks (right) bands.
Proﬁles through the eastern half of the disk are represented by solid lines and proﬁles through the western half
of the disk are represented by dashed lines. Top panel: Proﬁles taken from the observed disk images. Bottom
panel: Proﬁles taken from the convolved model disk images.
rowband filter we added to the MCRT code, we identified the dominant source of emission to be
the outer disk wall in our models. Constrained by observational images, the location of this wall was
not a free parameter, and modifying other structural parameters, such as the scale height, had a neg-
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ligible effect. Our desire to include PAH grains to give us the characteristic emission features seen in
the SED left our choice of ISM grains for the small grains disk as the final option to reconsider in our
model.
For our alternative model, we replaced the ISM grain model of Kim et al.51 with the Model 1
grain prescription fromWood et al.99. This grain model is composed of a mixture of amorphous
carbon and astronomical silicates, and it assumes a power-law size distribution n(a) / a 3:0 with an
exponential cutoff up to a maximum size of 1000 μm. While this change in grain type caused a cas-
cade of other parameter changes in the model, the basics of the model remained mostly unchanged.
The net effect of this change had on the SED can be seen in Figure 4.7.
This change in grain type led to a very noticeable decrease in the size of the broad 10 μm silicate
Figure 4.7: Alternative Ophiuchus IRS 48 model plotted alongside available data (see Table B.2 for data sources).
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Figure 4.8: Polarized ﬂux model-generated contour plots of Oph IRS 48 in H (left) and Ks (right) bands from our
alternative model. Top panel: Normalized intensity raw disk images. Bottom panel: Top panel images after being
convolved with the observed PSF 30 at each wavelength.
bump, with the remaining excess outside of the desired central spike due to the lack of sharpness
in the PAH emission of the code, something out of our control. While the fit in this region clearly
benefited from the change in dust grains, the fit in the 20 μm portion of the Spitzer IRS portion of
the data is slightly poorer, with the new grains unable to match the narrowness of the data.
While a case could be made that the SED benefited in some ways, the scattered light images pro-
duced by the newmodel (Figure 4.8) suffer unequivocally by overproducing emission in the south-
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ern portion of the disk. This increase is likely due to the fact that the larger Model 1 grains of Wood
et al.99 are much more forward-scattering than the smaller ISM grains of Kim et al.51. This will
enhance the brightness of side of the disk closer to the observer, which is the southern side in our
model. This alternative model highlights the need for incorporating as many different forms of ob-
servational data as possible, as it serves as close fit to the SED, but fails to reproduce the imagery. In
this way, it is not a suitable model for this object. A complete list of differences between this and the
main model can be found in Table A.2, shown in (red).
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5
GMAurigae
GMAurigae is a T Tauri K star, located in the Taurus-Auriga cloud complex. It is surrounded by
a transitional disk and has an estimated age of 1 – 5 million years46.
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5.1 Modeling GMAurigae
5.1.1 Stellar Properties
GMAurigae has been discussed numerous times in the literature, with an array of values cited for its
basic stellar properties. Our choices centered around a decision to opt for a foreground extinction
value ofAV = 0:131, at the low end of what has been stated in studies of this object. This choice
was made given the large amount of far-ultraviolet (FUV) flux we see in the data and that larger val-
ues ofAV would tend to mute this characteristic in our model (see Hornbeck et al.44 for more on
GMAurigae in the FUV). Given this choice in extinction, the need for a cooler star became appar-
ent, and values which best reproduced the stellar contribution to the SED were selected from the
literature. For our central emitting source, we assume a K5 spectral type T Tauri pre-main-sequence
star, which are smaller mass (< 2M) analogs of Herbig Ae/Be stars with later spectral types6. We
assume a temperature of 4000 K, mass of 1.2M, radius of 1.5 R, and a distance of 148 pc. See
Table A.3 for where these values and others for the disk were sourced or motivated.
5.1.2 Overall Disk Structure
The overall disk structure for our model was determined primarily by observational values most
often cited in the literature. We assume an outer disk radius of 300 AU, consistent with values de-
termined by the observed extent of the dust in scattered light images71, fits to the continuum emis-
sion47, and interferometry at submillimeter and millimeter wavelengths46. The millimeter and
submillimeter observations have detected a cleared gap in the disk out to 20 – 28 AU 12,46,5, and so
we assume the cavity is 24 AU in radius. We adopt an overall disk inclination of 55 and, though
it has no effect on the SED, we also rotate the final model images to a major axis position angle of
59 to perform a surface brightness analysis to compare to observation. See Figure 5.1 for a simple
schematic of the horizontal structure of our model.
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Figure 5.1: Schematic of our GM Aurigae model, showing the horizontal disk structure and grain types used. The
vertical dimensions are only indicative of the basic disk shape.
5.1.3 Inner Disk Structure and Composition
As with some existing models in the literature 12, we employed an inner disk component in order to
account for the NIR/MIR excess in the data. The excess exhibited in the spectrum of GMAurigae
is not nearly as strong as some other transitional disks, such as V1247 Orionis and SAO 206462.
Therefore we found that a tall or puffed inner disk was not absolutely necessary to account for the
excess. Accordingly, we opted for a low-mass inner disk structure populated with the ISM dust
model of Kim et al.51, composed of a mixture of silicate and graphite. Their size distribution fol-
lows a power-law of the form n(a) / ap (p =  3:06 for silicate and 3:48 for graphite) with an
exponential decay above some size (0.14 μm for silicate and 0.28 μm for graphite). The choice of
ISM grains for the inner disk was determined by the strong 10 μm silicate feature that we see in the
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Figure 5.2: Density proﬁle of GM Aurigae at three distance scales. Panel 1: The inner disk structure, responsible
for the bulk of the NIR and MIR emission, as well as the beginnings of the disk gap. Panel 2: The gap in the disk,
out to 24 AU. Panel 3: The entirety of the disk, dominated by the outer disk component at this scale. All distances
shown are in AU.
data, and this grain model provides the largest silicate bump out of the standardWhitney MCRT
code grain files. A density profile showing a cross-subsection of the disk can be found in Figure 5.2.
5.1.4 Outer Disk Structure and Composition
While the ISM grains which make up the inner disk component in our model do extend out to the
full 300 AU outer disk radius, we also employ two additional grain types starting at 24 AU. These
additional grains dominate the emission at wavelengths longer than the short MIR region, following
the common arrangement of placing the larger grains near the midplane by means of a smaller scale
height.
For the smaller dust grains which extend further from the midplane in the outer disk, we used the
grain model utilized by Cotera et al. 15 for modeling the scattered light in the upper disk atmosphere
of HH 30. These grains are a mixture of amorphous carbon and astronomical silicates, assuming a
power-law size distribution n(a) / a 3:5 with an exponential cutoff up to a maximum size of 20
μm. These grains were primarily chosen due to their fit of the cavity wall flux, shown in the 15 – 40
μm portion of the Spitzer IRS data.
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For the larger grains settled in the midplane, fashioned out of the code parameters which nor-
mally create an envelope of material around the disk, we used the Model 1 grain prescription from
Wood et al.99, composed of a mixture of amorphous carbon and astronomical silicates. These grains
assume a power-law size distribution n(a) / a 3:0 with an exponential cutoff up to a maximum
size of 1000 μm. Given a smaller scale height than the smaller grains described above, this grain
model was most effective in fitting the FIR and longer photometry.
5.1.5 Gap
In our best fit model, the gap region from 2 – 24 AU is depleted by a factor of δgap = 0:001 in
the ISM grains which make up the inner disk, and are depleted entirely of the larger grains found
in the outer disk. This decision was made in order to keep those larger grains from contaminating
the emission around 10 μm and de-emphasizing the silicate feature produced by the ISM grains.
The depletion factor in the ISM grains is not heavily constrained in our modeling, with a large range
of values producing nearly identical results. We leave investigations into more precise values of this
depletion factor to future work.
5.1.6 DiskMass
For the total mass of the disk, a value ofMdisk = 0:092M was determined by fitting the data in
the FIR region and higher. This value is consistent with model of Calvet et al. 12, which utilizes a
value ofMdisk = 0:09M. This agreement is encouraging given that we arrived at our value in-
dependently, with disk mass kept as a free parameter in our model. Differing values can be found
in the literature, with the model of Hughes et al.46 using a larger value ofMdisk = 0:16M. In
general, we found that the amount of mass needed in order to fit the FIR depended partly on a com-
bination of other parameters used in the model, as will be discussed in Section 5.3 for an alternative
model.
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Since the vast majority of the disk mass is contained in the outer disk in our model, we mainly
focused on the two outer disk grain types when determining the division of mass in our model.
For this, we achieved best agreement with the data using a roughly 78%/22% split, with the larger
percentage of the mass going into the grains settled closer to the midplane. More mass in the smaller
grains tended towards making the fit to the Spitzer IRS spectrum poorer, particularly in the 20 – 30
μm region. In addition, we found that the large grains needed a much higher percentage of the mass
in order to achieve the flux levels of the highest wavelength photometry data in our plot. It was with
this division of mass, along with our value forMdisk, which gave us the best balance.
5.1.7 Hotspots
According to the magnetospheric accretion model, material from the inner disk accretes until it
reaches the disk truncation radius, and from there travels along magnetic field lines before hitting
the stellar surface. Assuming a dipole magnetic field on the star, the accreting material will travel
along the magnetic field lines and land on two “hot spots” where the dipole field is strongest93. In
the Whitney MCRT code, half of the hot spot luminosity from this super-heated material is emit-
ted as X-rays from the shock, evenly between 0.01 – 0.05 μm, and the other half goes into heating
the stellar atmosphere at the hotspot. This stellar hotspot flux is emitted as a Planck function at
temperature Tspot, where Tspot is given by equation 7 inWhitney et al.93. This provides a source of
continuum ultraviolet flux in the MCRT code.
In order to fit the large amount of ultraviolet emission we see in the Space Telescope Imaging
Spectrograph (STIS) spectrum, we added two diametrically opposed hotspots on the star. Along
with an accretion rate of _M = 4  10 9 M yr 1, these hotspots served as our source of near-
ultraviolet (NUV) emission without negatively affecting the the model fit to the SED in other re-
gions of the spectrum.
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Figure 5.3: Best ﬁt GM Aurigae model plotted alongside available data (see Table B.3 for data sources). In this
model, the choice was made to ﬁt the lower ﬂux data sets in the NIR
5.2 GMAurigae Results
5.2.1 Spectral Energy Distribution
Being a variable object48 with a lack of concurrent data sets across its spectrum, choices must be
made when modeling the SED of GMAurigae as to what data to give priority to. This is especially
true in the NIR, where the available data tends to fall along two distinct epochs: SpeX andWISE
measurements constituting a low state in the system, whereas 2MASS, Spitzer IRAC, and Spitzer
IRS fall along a higher-flux state (see Figure 5.3). This work is not intended to be an exhaustive in-
vestigation into the variability of this object, and the reader is directed towards publications focused
on modeling similar variability in other disks, such as Wagner et al.87. Instead, we present the fit to
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the lower flux data as our primary model and, in Section 5.3, briefly discuss the changes we found
necessary to bring the model up to the higher flux state. We leave a more rigorous treatment of this
variability to possible future work.
Our decision to prioritize fitting the lower flux NIR state in our model meant sacrificing the fit to
the Spitzer IRS data in the MIR, by definition. Accordingly, it became an unavoidable consequence
that our model fall short of the 10 μm silicate feature seen in the data, given its proximity to the
discontinuity in the data sets. The FUV wavelengths of the STIS spectrum were also difficult to
model, as the hotspots we employed in the code only reproduce the Planck-like continuum flux
in the NUV and not the line emission in the FUV caused by shock-heated gas. Outside of those
region, the model provides an effective fit from the bulk of the NUV through the submillimeter
photometry.
5.2.2 Disk Images
We present a J,H, andK band model-generated composite image to give a visual representation on
the structure of our model in Figure 5.4.
To compare our model images with the FUV scattered light images of GMAurigae presented
in Hornbeck et al.44, we added FUV filters which are not included in the Whitney MCRT code.
Using available throughput curves for F140LP, F165LP and F330W filters, we were able to generate
disk images at 0.140, 0.165, and 0.330 μm, respectively. These disk images were then rotated to the
observed major axis position angle and convolved with a Gaussian filter to mimic the resolution of
the observational images (see Hornbeck et al.44 for details on this process). How the disk appears at
these three wavelengths can be seen in Figure 5.5.
Through the F300W filter, the model-generated disk image appears to match observation reason-
ably well, mimicking the long, elliptical shape that we see in the data. At the shorter wavelengths,
however, the disk becomes more circular in the observations due to greater emission to the south-
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Figure 5.4: Model-generated image of the disk surrounding GM Aurigae, shown as a J, H, and K band composite
image. The disk here is shown at an inclination of 55 and a major axis position angle of 59. No further process-
ing was done to the image and it is shown in a log color scale.
east. This discrepancy between our model and observation at these wavelengths is not altogether
surprising, given that our model underproduces flux at 0.140 and 0.165 μm compared to the STIS
data.
5.2.3 Surface Brightness
A detailed description of the surface brightness analysis can be found in Hornbeck et al.44. In this
work, we cite the results (shown in Figure 5.6) in fitting the radial surface brightness profile of the
observed disk through the F330W filter, where are synthetic model disk images provide a reasonable
reproduction of the scattered light imagery.
As seen in Figure 5.6, the radial dependence of the surface brightness undergoes a functional
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Figure 5.5: Comparison of PSF-subtracted observational images of GM Aurigae to model-generated disk im-
ages at three wavelengths. Left Panels: Advanced Camera for Surveys (ACS) images at 0.140, 165, and 0.330
µm. North is up and east is to the left in each panel. Field sizes are 600 AU (at 148 pc). Middle Panels: Model-
generated disk images at the same wavelengths of their observational counterparts. These images have been
scaled, rotated, and convolved with a Gaussian to match observation. Right Panels: Model-generated disk im-
ages, with artiﬁcial noise added using IDL artdata routine to better match observation.
change when crossing the cavity along the major axis, with a steeper dependence on the southwest
portion of the major axis. This behavior is reproduced, albeit to a smaller degree, when performing a
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Figure 5.6: The radial surface brightness proﬁle along the major axis of the disk (major axis position angle =
59.5  3) as measured in the F330W image (northeast to the left of center, southwest to the right). The best
ﬁt is calculated from an inner working angle of 0.1 – 1 arcseconds. The 24 AU cavity seen at submillimeter wave-
lengths 46 is not detected in the radial surface brightness proﬁle of the F330W data. This is discussed further in
Hornbeck et al. 44.
similar analysis on the F330Wmodel image (Figure 5.7).
A complete list of relevant model parameters can be found in Table A.3. More information on
the data we used to construct the SED can be found in Table B.3.
5.3 An Aside onModeling theHigh State Data
As discussed in Section 5.2.1, a decision was made early in the modeling to prioritize the data in the
NIR constituting a lower flux state of the system. This was done at the expense of the SED fit near
the discontinuity in the data sets – particularly the tall 10 μm silicate feature seen in the Spitzer IRS
spectrum. In modeling the lower state, we were unable to build up a large enough silicate bump
without compromising our fit to the low state data. Additionally, without full data coverage of
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Figure 5.7: The same radial surface brightness measurement as in Figure 5.6 with the model-generated image
under the F330W ﬁlter. The 24 AU cavity seen at submillimeter wavelengths 46, that was not detected in the
F330W data, is detected in the model image surface brightness proﬁle. Accordingly, the ﬁt to the model image
was started outside of the cavity location, from 0.2 – 0.9 arcseconds.
the 10 μm region that is contemporaneous with our low state data sets, we cannot be certain of
how prominent the silicate feature should be in a model of the NIR during this period. With this in
mind, we left a closer fit to the silicate feature in the Spitzer IRS spectrum to a model which attempts
to fit the NIR data continuous with it.
The model fit to the higher flux data, seen in Figure 5.9, achieves a much more prominent sili-
cate feature primarily by means of a taller inner component to the disk structure. Having the dust
at higher altitudes close to the star means that a greater fraction of the stellar radiation field will
be intercepted and thermally re-emitted at NIR toMIR wavelengths. As a side-effect to this taller
disk structure and small differences in a handful of other parameters, we were able to fit the data
throughout the entirety of the SED using roughly 16% less disk mass. A density profile showing a
cross-subsection of the disk for this model can be found in Figure 5.10.
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Figure 5.8: Model-generated image of the disk surrounding GM Aurigae when ﬁtting the higher ﬂux data, shown
as a J, H, and K band composite image. The disk here is shown at an inclination of 55 and a major axis position
angle of 59. No further processing was done to the image and it is shown in a log color scale. The larger scale
height of this model is apparent.
While this higher flux fit was achieved by means of a taller inner disk, this alternative model is
presented without explanation of the possible physical processes involved and a more thorough
investigation is left to future works. A complete list of differences in the higher flux model can be
found in Table A.3, shown in (red).
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Figure 5.9: Alternative GM Aurigae model plotted alongside available data. In this model, the choice was made
to ﬁt the higher ﬂux data sets in the NIR. The much larger silicate feature relative to our main model is the result of
increasing the scale height of the inner disk, producing greater emission throughout the NIR and MIR.
Figure 5.10: Density proﬁle of higher state GM Aurigae model at three distance scales. Panel 1: The inner disk
structure, responsible for the bulk of the NIR and MIR emission, as well as the beginnings of the disk gap. Panel
2: The gap in the disk, out to 24 AU. Panel 3: The entirety of the disk, dominated by the outer disk component at
this scale. All distances shown are in AU.
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6
SAO 206462
SAO 206462 is an isolated Herbig F star, located in the Scorpius-Centaurus OB association. It is
surrounded by a transitional disk and has an estimated age of 8 million years83,68.
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6.1 Modeling SAO 206462
6.1.1 Stellar Properties
The disk surrounding SAO 206462 has been addressed numerous times in the literature and many
of the parameters of our model reflect those observations. For our central emitting source, we as-
sume an F4Ve spectral type pre-main-sequence star, temperature of 6750 K, mass of 1.7M, radius
of 2R, and a distance of 140 pc. See Table A.4 for where these values and others for the disk were
sourced or motivated.
6.1.2 Overall Disk Structure
The overall disk structure for our model was determined mostly by high-contrast imaging observa-
tions of the disk found in the literature. Subaru/HiCIAOH band observations67 and VLT/NACO
H andKs observations33 exhibit a gap in the disk between approximately 21 – 28 AU at those wave-
lengths. However, ALMA observations at 0.45 mm68 reveal a gap size which is consistent with
the frequently cited gap radius of 45 AU9,5. Reproducing the different gap sizes in our images
through the appropriate filters became a priority for our model. A value of 145 AUwas chosen for
the outer disk radius, motivated by various observations found in the literature, and we assume a
near face-on disk inclination of 11. No major axis position angle rotation was performed given the
small inclination and the lack of an effect it would have on the SED.We went about achieving all of
these characteristics with a three-component layout shown in Figure 6.1 as our starting point.
6.1.3 Inner Disk Structure and Composition
In fitting the SED, we first investigated the large amount of NIR excess shown in the data for this
object (see Figure 6.3). As with V1247 Orionis, we took this to indicate that there must be a tall in-
ner component to the disk to thermally radiate at those wavelengths. But unlike V1247 Orionis,
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Figure 6.1: Schematic of our SAO 206462 model, showing the horizontal disk structure and grain types used. The
vertical dimensions are only indicative of the basic disk shape.
the drop-off in flux into a cusp after the excess rivals that of a single-temperature blackbody and it
proved difficult to reproduce this precipitous decline. Taking clues from the complete lack of a 10
μm silicate feature in the data, we opted for a purely carbonaceous inner disk, which used amor-
phous carbon grains following a n(a) / a 3:5 distribution 14. This would allow us a smooth, fea-
tureless decline into the cusp. These carbon grains were then given a large scale height in order to
match the levels of the NIR excess. Finally, the mass of this material was then lowered until the steep
decline shown in the data was achieved (see Figure 6.2 for density profile of our model). All of this
suggests a tall, low-mass, and carbonaceous inner component in the actual disk to give us the data we
see in the NIR/MIR region, or something very similar in structure.
This approach, though successful in reproducing what we believe to be the structure of the inner
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Figure 6.2: Density proﬁle of SAO 206462 at three distance scales. Panel 1: The inner disk structure, responsible
for the bulk of the NIR and MIR emission, as well as the beginnings of the disk gap. Panel 2: The two gaps in the
disk, out to 25 AU and 45 AU. Panel 3: The entirety of the disk, dominated by the outer disk component at this
scale. All distances shown are in AU.
disk, left us with just one remaining constituent disk in the code with which to model the two outer
disks components shown in Figure 6.1. We remedied this shortcoming by modifying the parameters
of what usually serves as a dust envelope around the disks into a third disk itself, shown starting at
45 AU in Figure 6.1. The remaining, third disk component was placed at 25 AU to achieve the dual
gap layout in our schematic.
6.1.4 Outer Disk Structure and Composition
For the smaller dust grains which extend furthest from the midplane in the outer outer disk and
starting at 25 AU, we used the Model 1 grain prescription fromWood et al.99, composed of a mix-
ture of amorphous carbon and astronomical silicates. These grains assume a power-law size distri-
bution n(a) / a 3:0 with an exponential cutoff up to a maximum size of 1000 μm. We found
this prescription to be the most effective in matching the outer disk peak in the array of photometry
data.
For the larger dust grains settled in the midplane of the outer disk and starting at 45 AU, we used
grain Model 2 fromWood et al.99, which is similar to Model 1, except that it lacks the exponential
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cutoff and follows a n(a) / a 3:5 distribution. With more of the mass at the large size end of the
distribution, these grains run cooler and emit at longer wavelengths than those of Model 1 and were
effective in matching the highest wavelength photometry in the SED.
6.1.5 Gap
The gap region of 0.45 – 25 AUwas wholly depleted of the material found in the outer disks in
order to maintain the steepness of the MIR data and the sharpness of the cusp. Accordingly, the
carbon found in the inner disk was then depleted by a factor δgap = 0:001 to constitute the mate-
rial found in this region. The level of depletion was not tightly constrained by the modeling and it
warrants further investigation using other techniques.
6.1.6 DiskMass
For the total mass of the disk, a value ofMdisk = 7:47  10 3 M was determined by fitting the
data in the FIR region and higher. While this is larger than some observational values stated in the
literature (e.g., (2:8  1:3)  10 3 M from Thi et al.82), we found it was necessary in order to fit
our highest wavelength data points, and it still falls well below some other published model-deduced
masses (e.g., 0.026M from Andrews et al.5). These larger values derived fromMCRTmodeling
might indicate that the mass of the disk may be larger than previously thought.
Since the mass of the inner disk component was fixed by fitting the NIR data and a negligible per-
centage of the total dust mass, investigations into the mass division between the three constituent
disks were mainly concerned with the two outer disks only. For this, we achieved best agreement
with the data using a roughly 93%/7% division of the total dust mass, with the larger percentage
of the mass going into the grains settled closer to the midplane. We found that more mass in the
smaller grains with the larger scale height led to discrepancies with the Spitzer IRS spectrum, partic-
ularly in the 20 – 30 μm region. In addition, the spectrum would die off before hitting the highest
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wavelength photometry data in our plot, making such configurations unjustifiable in our model.
6.1.7 Spiral Arms
Imaging observations of the disk in theH and K bands67,33 also reveal spiral arm structure that may
be the result of a perturbing object within the disk. By comparing our model-generated images to
these observations, particularly the Subaru/HiCIAO scattered light image shown in Figure 2 of
Muto et al.67, we were able to reproduce the look of the spiral arms in our model using the available
spiral arms parameters in the MCRT code. In particular, the spiral arms in our model extend from
25 – 65 AU from the central star and the pitch of the arms was adjusted until they closely matched
available imagery.
6.2 SAO 206462 Results
6.2.1 Spectral Energy Distribution
The low-mass carbon inner disk prescription proved to be very effective in matching the enormous
amount of NIR/MIR excess present in the data, and the steep drop in flux down to the cusp was
also reproduced with fidelity. For the longer wavelength emission, the dual outer disk approach was
generally successful in fitting the shape of the FIR data points.
The model fit to the SED has two noticeable shortcomings which could not be remedied within
the confines of certain observed parameters. First, the model slightly bridges the cusp in the Spitzer
IRS data, a direct result of placing the outer gap wall at 25 AU. In the course of our modelling ef-
forts, we found that this problem could be remedied entirely by moving that gap wall further out-
ward. However, maintaining agreement with published imagery of the disk nullified this as a poten-
tial solution.
Lastly, while the general shape of the FIR data is reproduced by the model, the SED does not
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Figure 6.3: Best ﬁt SAO 206462 model plotted alongside available data (see Table B.4 for data sources). Ad-
ditional SpeX spectra which show the variability of the ﬂux at those wavelengths can be found in Section 2 of
Swearingen et al. 79. Because there is not much variability in the SpeX data sets at this scale, a single representa-
tive data set has been chosen to avoid overcrowding the plot.
reach the flux levels of those data points completely. One solution would be to increase the height of
the outer disk in order to intercept more stellar radiation in that region. However, this would have
introduced a disagreement with the observed radial surface brightness profile, discussed in Section
6.2.3. Another approach would be to increase the mass contained in the outer disk, which was ruled
out by a desire to stay close to mass values in the literature82. These two issues aside, we feel that we
reproduced the SED very successfully on the whole.
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Figure 6.4: Total intensity model-generated images of the disk around SAO 206462 showing varying gap sizes
depending on the observed wavelength. Panel 1: H band image indicating a gap out to 25 AU, in accordance
with literature values at this wavelength67,33. Panel 2: Disk through ALMA 0.45mm ﬁlter and mostly depleted out
to 45 AU, in accordance with higher wavelength observations for this object68.
6.2.2 Disk Images
The degree to which our dual outer disks layout reproduces the varying gap sizes through different
filters can be seen in Figure 6.4. Model generatedH band images clearly show a gap out to 25 AU, in
agreement with observations at those wavelengths67,33. At 0.45 mm, the desired result of a gap out
to 45 AU68 is mostly achieved, with a small amount of residual presence from the 25 AU outer disk
visible at these wavelengths. Because theH band observations trace the presence of the small grains
in the disk and the 0.45 mm observations trace the larger grains, the differing gap sizes is indicative
of differing radial spatial distributions between the grain sizes, possibly due to dust filtration 103.
To allow for a more direct visual comparison to published imagery, we also took steps to convolve
our model with the HiCIAO point spread function to synthesize images at a more realistic resolu-
tion. AnH band Subaru/HiCIAO image, as well as the model-generated images can be found in
Figure 6.5 for visual comparison. As expected, the convolved image suffers a loss of detail relative to
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Figure 6.5: H band polarized ﬂux images of the disk around SAO 206462. Panel 1: Our model-generated im-
age of the disk. Panel 2: Scattered light image (upper-left image of Figure 2 in Muto et al.67) collected with Sub-
aru/HiCIAO, with overlaid circle added for scale and to border the faint outer disk in the image. Panel 3: Image
from panel 1 convolved with HiCIAO PSF. All images have been scaled for 1.33 AU per pixel and are shown in log
color scales, with the exception of panel 3, which is shown in a linear color scale to better illuminate the spiral
arms.
the raw image, though we suspect some more thorough post-processing could rescue much of this
detail and provide an even better comparison to observation.
6.2.3 Surface Brightness
Using VLT/NACO observations inH andKs band polarized light, a surface brightness analysis in
Garufi et al.33 reveals an azimuthally-averaged radial power-law dependence that goes as r 2:90:1.
Because the disk is nearly face-on at an inclination of 11, they ignored geometric effects due to the
inclination of the disk. To compare, we used model-generated K band polarized flux images to per-
form a similar analysis, finding a dependence of the form r 2:88, in agreement with observation. A
plot of the surface brightness and its power law dependence can be found in Figure 6.6.
A complete list of relevant model parameters can be found in Table A.4. More information on
the data we used to construct the SED can be found in Table B.4.
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Figure 6.6: Surface brightness proﬁle of the disk surrounding SAO 206462, calculated from a polarized ﬂux im-
age in the K band. Shown in addition, the best power law ﬁt over nearly the entirety of the outer disk.
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7
Conclusions
With individual object results already presented, this chapter will discuss some general results and
conclusions to take away from the modeling of the four protoplanetary disks discussed in this work.
These conclusions will pertain to both the disk models themselves and to the process involved.
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7.1 Results ConsistentwithMeeus Group Interpretation?
As discussed in Section 1.1.3, one way to classify protoplanetary disks is by the nature of their SEDs.
In the Meeus classification scheme, Meeus I sources have a comparable NIR and FIR fluxes, whereas
Meeus II sources emit weakly in the FIR (see Figure 1.5). The predominant interpretation behind
this invokes large disk flaring as a geometric difference between the two classes, with Meeus I sources
having a thick, flared outer disk to escape the inner disk shadow. Therefore, it is natural to ask if the
our disk models, all modeling Meeus I disks, support that interpretation. Contained in Table 7.1 are
the relevant parameters for a list of Meeus I and II disks, from this work and from the literature.
Looking at the Meeus I objects, it is clear that they are all much taller at 100 AU from their stars
than one of the best studiedMeeus II objects, MWC 480. Observed at just 3 AU in scale height,
MWC 480 is between approximately 5 – 6 times shorter than our Meeus I models. This is consistent
with the interpretation that Meeus II objects are self-shadowed. When comparing all listed Meeus
I objects to Meeus II source HD 163296, however, conclusions are not as obvious. While our four
models are at least 26% taller at 100 AU, the literature model of HD 16914287 is actually shorter
Object Meeus Group Flaring Exponent β Scale Height (AU)a
V1247 Orionis I 1.25 17:7b
Ophiuchus IRS 48 I 1.30 19:2b
GMAurigae (low state) I 1.19 15:4b
SAO 206462 I 1.31 17:8b
HD 169142 I 1.30 11:4c
HD 163296 II 1.12 12:2d
MWC 480 II …  3e
Table 7.1: Relevant disk parameters indicating the height or degree of ﬂare of protoplanetary disks in this work
and from the literature. a) Scale heights stated at a distance of 100 AU from star. b) This work. c) Calculated from
model parameters published in Wagner et al.87. d) Calculated from model parameters published in de Gregorio-
Monsalvo et al. 18. e) Scale height measured in Kusakabe et al.54
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Figure 7.1: The scale heights as a function of distance for our four models and three other disks from the litera-
ture. The shaded region indicates the spread between our four models.
than HD 163296 at this distance. In this case, it is more informative to examine the flaring expo-
nents of each object and plot their scale heights as a function of distance from the star (Figure 7.1).
When doing this, we see that although the Meeus I HD 169142 is shorter than the Meeus II HD
163296 at 100 AU from their respective stars, it is actually taller at larger distances due to its higher
degree of flare. This explains its SED classification and is in keeping with the geometric interpreta-
tion we are investigating. While the scale height of a disk at 100 AU from its star is a common and
convenient criteria to parametrize the its thickness, it is not always a definitive indicator as to which
Meeus group we would expect it to fall under. A more complete picture involves the degree of flare
in the outer disk, as it is more indicative its ability to escape the inner disk shadow and emit strongly
in the FIR.
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Concerning our models alone, it is clear that they are are much more flared than the Meeus II
examples. With the degree of flare our models exhibit being necessary to overcome shadowing from
the inner disk regions and, in turn, reach the FIR flux levels we see in their data sets, our models
appear to support the geometric interpretation of the difference between the Meeus SED classes.
7.2 ModelingMass Fractions
In addition to the total disk mass, how that mass is be divided between the settled (large) grains and
the extended (small) grains needs to be determined to effectively reproduce the SED of each object.
While different disk sizes makes comparing total disk mass across the models difficult, comparing
how their masses are divided provides useful information on the degree of dust settling in these
disks. Listed in Table 7.2 are approximate breakdowns of how the total disk mass was rationed in
our models.
While there is somewhat of a spread, what is clear is that a large majority of the total disk mass
needed to be in the larger grains settled in the disk midplanes – about 85%, on average. This result is
indicative of the fact that submillimeter and millimeter flux comes primarily from the larger, cooler
grains confined near the midplane of the disks. Because these disks do not have the benefit of a large
scale height to increase their exposure to stellar radiation, raising this longer wavelength flux to reach
Object Settled Grains % Extended Grains %
V1247 Orionis 80 20
Ophiuchus IRS 48 88 12
GMAurigae (low state) 78 22
SAO 206462 93 7
Average 85 15
Table 7.2: Approximate percentages of total disk mass for the settled and extended constituent disks in each
model.
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the levels shown in the data requires increasing the mass of this population of dust grains. This ef-
fect was demonstrated in Section 2.4.5.
These results raise the question of whether the mass fractions would be substantially different in
younger disks which have not yet begun to clear. If dust grains are expected to grow and settle over
time, we would expect a larger percentage of the total disk mass to be contained in the smaller grains
populations for younger disks.
7.3 The Lack of Need forHalos
One of the more controversial topics in the study of protoplanetary disks has been that of halos,
which consist of optically thin dust at very high altitudes, or even surrounding the star and parts
of the disk. Observational evidence for the presence of large scale halos that go well beyond inner
disk regions exists in some systems56, but the degree of their role in protoplanetary disk evolution in
general remains inconclusive.
As it relates to modeling the SEDs of disks, mini-halos close to the star (Figure 7.2) have been
proposed by some as a better alternative to puffed inner disk rims to explain NIR toMIR excess
seen in the spectra of some systems86. Others posit that these halos can be used in place of opti-
cally thick inner disks on the basis that an optically thin halo would not cast a shadow on the outer
disk65. Therefore SEDs could be fit with a much smaller outer disk scale height, though it remains
unclear as to what physical mechanism would be responsible for this non-hydrostatic equilibrium
configuration.
Pertaining to our own modeling efforts, we found a lack of need in these structures to reproduce
SEDs and other observations. As it relates to NIR excess, a relatively tall or puffed up, optically thick
inner disk was sufficient in our experience when a large amount of excess was called for. While this
did increase the shadowing on more distant regions of the disk, increasing the scale height or flare of
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Figure 7.2: Schematic of a spherical, optically thin halo of dust surrounding a star in a gapped disk system. Some
modelers have suggested this conﬁguration as a more suitable representation of the inner regions of disks, com-
pared to an optically thick and/or puffed up inner disk.
the outer disk was enough to compensate for this, and it produced radial surface brightness profiles
consistent with observation. In addition, Kraus et al.53 interferometry observations on V1247 Ori-
onis seem to indicate that our lack of a halo in that particular model is appropriate, as they do not
find any evidence for one in their observations. While our experiences do not encompass every possi-
ble disk configuration, it does partially call into question whether or not deviating from the standard
disk paradigm with a halo is necessary to reproduce observations without direct evidence requiring
their inclusion.
7.4 The Sensitivity of theModels to Gap Depletion
As it was briefly touched upon in each modeling section, the precise degree of depletion for inner
holes or gaps in the disk models was difficult to discern. While shadowing in the outer disk caused
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by material in the depleted region is visible in observations for one of our objects (see Section 4.2.2),
this extra assistance, at best, only slightly narrows the possible range of values. In general, our expe-
rience was that only changes in depletion on the scale of one or more orders of magnitude produced
substantially different results.
To add to this difficulty, changes in the depletion factor can often be offset by other structural
changes in the model. For instance, a relatively large change in the depletion factor can be offset by a
relatively small change in the scale height. So while we can be reasonably sure of the scale height val-
ues within a given model, we cannot be similarly certain about how depleted the disks are. What we
can say, however, is that these regions need to be depleted well below the densities found just out-
side of them in order to account for the characteristic dip in MIR flux we see in the SEDs for transi-
tional disks. As such, all of our models have depletion factors no higher than a value of δ = 0:004,
but the degree of depletion is likely best investigated by other means to serve as a fixed parameter in
modeling.
7.5 The Need for Greater Grain Variety
While our modeling efforts were successful in reproducing nearly every region of the spectra we
were trying to fit, the difficulty in matching the lack or abundance of a broad 10 μm silicate feature
was reoccurring. In two of the four objects we modeled, V1247 Orionis and Ophiuchus IRS 48,
reducing the silicate feature to the near nonexistent levels seen in the data proved to be challenging,
as less silicate-rich grain prescriptions were unsuitable for fitting other regions of the SEDs. As dis-
cussed in Section 3.1.4, we were able to mitigate this problem somewhat by placing hard cutoffs on
the grain sizes in the offending grain prescription51. While this helped reduce the problem, a more
effective solution would be preferable.
With our GMAurigae model, however, the problem we faced was the opposite – we had diffi-
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culty in building up a large enough silicate feature. While this was achieved in an alternative model
using a taller inner disk structure for the high state data (see Section 5.3), we were unable to match
the narrowness of the feature that we see in the SED. The difficulty in modeling this important fea-
ture in the spectra of many protoplanetary disks indicates the need for a more flexible set of grain
prescriptions in the Whitney MCRT code, as only so much can be done geometrically with the disk
structure.
7.6 The Success of Our Approach
Our approach in investigating the structure of these transitional disks relied upon multiple observa-
tional techniques to significantly limit the number of free parameters in our models. By constrain-
ing the parameter space, we could reduce the degeneracy that usually occurs in modeling SEDs alone
and increase the confidence we would have in our results. Now, at the end of the process, it is rea-
sonable to ask if this approach was successful in determining the structure of these objects.
Concerning the degeneracy issue that arises in disk modeling, themany iterations each disk un-
derwent throughout the process supports the existence of this very real problem –many different
disk configurations do produce similar SEDs. However, as more outside data was brought in and
worked into each model, the number of choices left to make decreased dramatically. Though this
made modeling increasingly difficult (and creative), it also helped to validate the final results pre-
sented in this document. Each of our disk models are able to reproduce the bulk of known data
from a variety of observational techniques, and do so in a way that does not leave much room for
alternative parameter choices. In this way, we have a high degree of confidence in our approach to
determine the structure of these distant objects.
As it pertains to objects like V1247 Orionis, where we do not have published NIR scattered light
imagery of the disk at this time (though this is forthcoming), disk modeling allows one to predict
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what these objects may look like to some degree, based on what is required to fit the SED. Though
this is not as complete as the approach described above, where imagery is incorporated directly into
the models to eliminate free parameters, it does have predictive value on what observers might ex-
pect. This is especially true as a new generation of instruments designed to detect disks in scattered
light come online, such as the Gemini Planet Imager (GPI), the Spectro-Polarimetric High-Contrast
Exoplanet Research instrument (SPHERE), and the Subaru Telescope Extreme Adaptive Optics
project (SCExAO).
7.7 Directions for FutureWork
As much as the modeling contained herein contributed to the investigation of the structure of pro-
toplanetary disks – particularly in the transitional, planet-forming stage – much is left to future
work. In addition to the rapidly growing pool of gapped transitional disks to explore, the continu-
ous and self-shadowedMeeus II class of disks warrants investigation. This is especially true given the
ambiguous evolutionary link betweenMeeus I andMeeus II objects. Also, as more of these disks are
imaged by an increasing number of instruments in the field, the degree to which we can be certain of
our models grows accordingly.
Relating to the modeling tools used to conduct our investigations, a number of MCRT code
bases exist and are being used in the literature. At this time, we remain largely unaware of the rela-
tive merits of each of these radiative transfer codes, particularly as it pertains to whether or not they
would allow for more in depth investigation or a streamlining of the process.
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Part III
Appendices
90
A
Model Parameter Tables
While not encompassing every parameter of the Whitney MCRT code, those listed here represent
the primary and “interesting” characteristics of the structure and composition of each object used to
fit available data. Sources have been provided from which values were taken or motivated. Parame-
ters that reference publications which include the models described here (red references) are under-
stood as “free” parameters, then chosen to give a best fit to the data alongside the sourced quantities
from the literature. The parameters listed below were used in the June 12, 2014 release of the code.
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A.1 V1247 Orionis
Parameter Value Reference
V1247 Ori
Temperature 7250 K a
Radius (R) 2.3R a
Mass 1.86M a
Distance 385 pc a
Extinction (AV) 0.063 b
Gravity 4.5 cm s 2 a
Metallicity  0:5 a
Overall Disk
Inner disk radius 0.18 AU a
Outer disk radius 300 AU c
Disk gap 0.27 – 46 AU a
Mass 0.048M c
Inclination 31 a
Large (Settled) Grains Disk Component
Composition carbonstardust.par 1
% of disk mass 80% c
Scale height at r = R 0.01R c
Radial density exponent, α 2.15 c
Flaring exponent, β 1.25 c
Gap depletion factor, δgap 0.0001 c
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Parameter Value Reference
Small (Extended) Grains Disk Component
Composition modified kmh.par 2
% of disk mass 19.9% c
Scale height at r = R 0.018 R c
Radial density exponent, α 2.25 c
Flaring exponent, β 1.25 c
Gap depletion factor, δgap 0 c
Hydrocarbon Component to Small Grains Disk
Composition draine_opac_new.dat 3
% of disk mass 0.1 % c
Puffed Inner Disk Rim
Scale height multiplier 2.3 c
Puff scale length 0.2 AU c
Table A.1: a) Kraus et al.53 b) Computed from E(B – V ) found in Kraus et al.53 c) Swearingen et al. 79 1. Grain
model from Clayton et al. 14 using the size distribution from Mathis et al.61 and optical constants of burnt benzene
from Zubko et al. 104 2. Silicate-rich ISM grain model of Kim et al.51, modiﬁed to include only grains between 0.1 –
1.0 µm in size to help reduce 10 µm silicate bump in the SED (see Follette et al. 30) 3. Grain model computed by
Draine & Li21 and discussed in Wood et al.98
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A.2 Ophiuchus IRS 48
Main (alternative) model, where applicable
Parameter Value Reference
Ophiuchus IRS 48
Temperature 9500 K a
Radius (R) 1.8 R a
Mass 2.2M a
Distance 121 pc b
Extinction (AV) 12.0 c
Gravity 4.0 cm s 2 a
Metallicity 0 a
Overall Disk
Inner disk radius 0.36 AU a
Outer disk radius 160 AU a, d
Depleted inner hole 0.36 – 60 AU a
Mass 0.0016M e
Inclination 50 f
Large (Settled) Grains Disk Component
Composition www006.par (www005.par) 1
% of disk mass 88% a
Scale height at r = R 0.0023 R a
Radial density exponent, α 2.3 a
Flaring exponent, β 1.3 a
Hole depletion factor, δhole 0.004 a
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Parameter Value Reference
Small (Extended) Grains Disk Component
Composition modified kmh.par (www003.par) 2
% of disk mass 11.34 (11.58)% a
Scale height at r = R 0.0115 (0.015)R a
Radial density exponent, α 2.3 a
Flaring exponent, β 1.3 a
Hole depletion factor, δhole 0.004 a
Hydrocarbon Component to Small Grains Disk
Composition draine_opac_new.dat 3
% of disk mass 0.66 (0.42)% a
Table A.2: a) Follette et al. 30 b) Loinard et al.57 c) Models were run with AV = 0 on data de-reddened with AV =
12, as discussed in Follette et al. 30 d) Bruderer et al. 10 e) The Whitney Code uses a gas:dust mass ratio of 100:1,
which results in a dust mass of 1.6 10 5 M, in agreement with Bruderer et al. 10 f) van der Marel et al.84 1. Grain
model 2 discussed in Wood et al.99. Alternative model uses grain model 3 from this same work. 2. Silicate-rich
ISM grain model of Kim et al.51, modiﬁed to include only grains between 0.1 – 1.0 µm in size to help reduce 10 µm
silicate bump in the SED (see Follette et al. 30). Alternative model uses grain model 1 discussed in Wood et al.99.
3. Grain model computed by Draine & Li21 and discussed in Wood et al.98
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A.3 GMAurigae
Low (high) flux state, where applicable
Parameter Value Reference
GMAurigae
Temperature 4000 K a
Radius (R) 1.5R b
Mass 1.2M b
Distance 148 pc c
Extinction (AV) 0.1 d
Gravity 4.0 cm s 2 e
Metallicity 0 e
Overall Disk
Outer disk radius 300 AU f
Mass 0.092 (0.077)M e
Inclination 55 f
Inner Disk and Gap Component
Composition kmh.par 1
% of disk mass 0.00004 (0.0004)% e
Inner radius 0.5 AU e
Inner gap radius 2 AU g
Outer gap radius 24 AU b
Scale height at r = R 0.025 (0.05) R e
Radial density exponent, α 2.25 (2.14) e
Flaring exponent, β 1.19 (1.14) e
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Parameter Value Reference
Gap depletion factor, δgap 0.001 e
Outer Disk Small (Extended) Grains Component
Composition ww04.par 2
% of disk mass 21.62 (27.14)% e
Inner radius 24 AU b
Scale height at r = R 0.0121 (0.00935)R e
Radial density exponent, α 2.2 (2.0) e
Flaring exponent, β 1.205 (1.265) e
Outer Disk Large (Settled) Grains Component*
Composition www003.par 3
% of disk mass 78.38 (72.86)% e
Inner radius 24 AU b
Opening angle 80 e
Radial density exponent 1.5 e
Gap shape exponent 1.5 e
Disk Accretion
Accretion rate 4 10 9 M yr 1 e
Number of hotspots 2 e
Fractional area of hotspot 0.01 e
Table A.3: *Given the two disk limitation in the Whitney code, this third disk was fashioned out of the disk enve-
lope, resulting in different names for certain parameters from the other disks listed a) Motivated by values in the
literature and our choice of AV in Hornbeck et al.
44 b) Calvet et al. 12 c) Within range stated by Hueso & Guillot 45
d) France et al. 31 e) Hornbeck et al. 44 f) Hughes et al. 46 g) Motivated by Calvet et al. 12 interpretation of < 5 AU 1.
Silicate-rich ISM grain model of Kim et al.51 2. Grain model discussed in Cotera et al. 15 3. Grain model 1 discussed
in Wood et al.99
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A.4 SAO 206462
Parameter Value Reference
SAO 206462
Temperature 6750 K a
Radius (R) 2R b
Mass 1.7M c
Distance 140 pc d
Extinction (AV) 0.3 e
Gravity 4.5 cm s 2 f
Metallicity 0 f
Overall Disk
Outer disk radius 145 AU g
Mass 7:47 10 3 M f
Inclination 11 h
Inner Disk and Gap Component
Composition carbonstardust.par 1
% of disk mass 0.01% f
Inner radius 0.19 AU f
Inner gap radius 0.45 AU i
Outer gap radius 25 AU j
Scale height at r = R 0.1R f
Radial density exponent, α 2.25 f
Flaring exponent, β 1.00 f
Gap depletion factor, δgap 0.001 f
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Parameter Value Reference
Outer Disk Small (Extended) Grains Component
Composition www003.par 2
% of disk mass 6.69% f
Inner radius 25 AU j
Scale height at r = R 0.01R f
Radial density exponent, α 2.25 f
Flaring exponent, β 1.31 f
Outer Disk Large (Settled) Grains Component*
Composition www006.par 3
% of disk mass 93.3% f
Inner radius 45 AU k
Opening angle 70 f
Radial density exponent 1.5 f
Gap shape exponent 1.5 f
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Parameter Value Reference
Spiral Arms
% of disk mass in arms 50% l
Pitch angle 10 f
Location 25 – 65 AU m
Table A.4: *Given the two disk limitation in the Whitney code, this third disk was fashioned out of the disk enve-
lope, resulting in different names for certain parameters from the other disks listed a) Motivated by values in the
literature and our choice of AV in Swearingen et al.
79 b) Motivated by values in Andrews et al.5 and Müller et al.66
and what gave best ﬁt for stellar component to SED c) Müller et al.66 d) van Boekel et al.83 e) Andrews et al.5 f)
Swearingen et al. 79 g) Motivated by lower-limit stated in Garuﬁ et al. 33 and value given in Grady et al. 37 h) Dent
et al. 19 i) Brown et al.9 model j) Upper-limit of Garuﬁ et al. 33 estimate, using d = 140 pc k) Pérez et al.68 l) Percent-
age of extended grains disk mass in the spiral arms portion of the outer disk m) Motivated by values in Garuﬁ
et al. 33 and estimated from Figure 2. in Muto et al.67 1. Grain model from Clayton et al. 14 using the size distribu-
tion from Mathis et al.61 and optical constants of burnt benzene from Zubko et al. 104 2. Grain model 1 discussed in
Wood et al.99 3. Grain model 2 discussed in Wood et al.99
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B
Published Photometry and Spectra
The free parameters for the Monte Carlo models were determined with the aid of photometric and
spectroscopic data from various sources. These sources are summarized below for each object with
their references.
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B.1 V1247 Orionis
Instrument Wavelength (μm) Flux (Wm 2) Reference
Photometry
NOFS 0.36 1:16 10 12 a
Kiso 0.40 2:42 10 12 b
Kiso 0.55 2:21 10 12 b
Kiso 0.64 1:88 10 12 b
Kiso 0.79 1:60 10 12 b
2MASS 1.24 1:08 10 12 c
2MASS 1.66 9:88 10 13 c
2MASS 2.16 1:01 10 12 c
WISE 3.4 7:85 10 13 d
WISE 4.6 5:59 10 13 d
AKARI IRC 9 1:91 10 13 e
WISE 12 1:51 10 13 d
IRAS 12 1:70 10 13 f
AKARI IRC 18 3:14 10 13 e
WISE 22 4:77 10 13 d
IRAS 25 4:67 10 13 f
IRAS 60 5:19 10 13 f
AKARI FIS 65 3:58 10 13 g
AKARI FIS 90 3:04 10 13 g
IRAS 100 2:70 10 13 f
AKARI FIS 140 1:56 10 13 g
AKARI FIS 160 1:21 10 13 g
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Instrument Wavelength (μm) Flux (Wm 2) Reference
Spectroscopy
SpeX XD 0.8 – 5.5 h, i
BASS 2.9 – 13.5 h
Spitzer IRS 5.2 – 38 j
Table B.1: a) Sharpless 73 b) Fujii et al. 32 c) Skrutskie et al. 75 d) Wright et al. 100 e) Ishihara et al. 49 f) Helou &
Walker 41 g) Yamamura et al. 101 h) Kraus et al.53 i) Swearingen et al. 79 j) Spitzer Heritage Archive
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B.2 Ophiuchus IRS 48
Instrument Wavelength (μm) Flux (Wm 2) Reference
Photometry
NOMAD 0.43 5:44 10 11 a
NOMAD 0.64 1:79 10 11 a
Hydra 0.65 3:65 10 11 b
Hydra 0.79 1:89 10 11 b
2MASS 1.24 8:14 10 12 c
2MASS 1.66 4:83 10 12 c
2MASS 2.16 3:42 10 12 c
WISE 3.4 2:91 10 12 d
Spitzer IRAC 3.6 2:53 10 12 e
Spitzer IRAC 4.5 2:15 10 12 e
WISE 4.6 3:27 10 12 d
Spitzer IRAC 5.8 3:44 10 12 e
WISE 12 3:12 10 12 d
AKARI IRC 18 7:03 10 12 f
WISE 22 8:87 10 12 d
ALMA 450 6:33 10 15 g
SCUBA 850 6:35 10 16 h
SMA 1300 1:38 10 16 h
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Instrument Wavelength (μm) Flux (Wm 2) Reference
Spectroscopy
SpeX XD 0.8 – 5.5 i
Spitzer IRS 5.2 – 38 j
Herschel PACS 60 – 181 k
Table B.2: a) Zacharias et al. 102 b) Erickson et al.26 c) Cutri et al. 17 d) Wright et al. 100 e) van Kempen et al.85 f)
Ishihara et al. 49 g) van der Marel et al.84 h) Andrews & Williams 4 i) Follette et al. 30 j) McClure et al.62 k) Fedele
et al.29
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B.3 GMAurigae
Instrument Wavelength (μm) Flux (Wm 2) Reference
Photometry
2MASS 1.24 7:09 10 13 a
2MASS 1.66 6:82 10 13 a
2MASS 2.16 4:50 10 13 a
WISE 3.4 1:23 10 13 b
Spitzer IRAC 3.6 1:43 10 13 c
Spitzer IRAC 4.5 8:47 10 14 c
WISE 4.6 5:76 10 14 b
Spitzer IRAC 5.8 5:02 10 14 c
Spitzer IRAC 8 3:60 10 14 c
AKARI IRC 9 3:60 10 14 d
WISE 12 2:80 10 14 b
IRAS 12 6:25 10 14 e
AKARI IRC 18 9:24 10 14 d
WISE 22 1:14 10 13 b
IRAS 25 1:09 10 13 e
IRAS 60 1:42 10 13 e
AKARI FIS 65 1:06 10 13 f
AKARI FIS 90 9:67 10 14 f
IRAS 100 1:97 10 13 e
AKARI FIS 140 4:95 10 14 f
SHARC-II 350 2:93 10 14 g
UKT14 450 2:08 10 14 h
UKT14 800 2:73 10 15 h
UKT14 1100 1:04 10 15 i
IRAM 1300 5:84 10 16 j
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Instrument Wavelength (μm) Flux (Wm 2) Reference
OVRO 1400 3:88 10 16 k
Spectroscopy
STIS 0.12 – 1.03 l
SpeX XD 0.8 – 5.5 m
Spitzer IRS 5.2 – 38 n
Table B.3: a) Skrutskie et al. 75 b) Wright et al. 100 c) Hartmann et al. 39 d) Ishihara et al. 49 e) Weaver & Jones90
f) Yamamura et al. 101 g) Andrews & Williams 3 h) Weintraub et al.91 i) Adams et al. 1 j) Beckwith et al. 7 k) Koerner
et al.52 l) Ingleby et al. 48 m) Ingleby et al. 48 n) Average of data sets found in Espaillat et al.27
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B.4 SAO 206462
Instrument Wavelength (μm) Flux (Wm 2) Reference
Photometry
SAAO 0.37 3:45 10 12 a
SAAO 0.44 6:68 10 12 a
SAAO 0.55 7:39 10 12 a
SAAO 0.67 7:03 10 12 a
SAAO 0.81 6:11 10 12 a
UKT9 1.2 4:53 10 12 a
UKT9 1.6 3:96 10 12 a
UKT9 2.2 3:46 10 12 a
WISE 3.4 2:38 10 12 b
UKT9 3.8 2:10 10 12 a
WISE 4.6 2:77 10 12 b
UKT9 4.8 1:48 10 12 a
AKARI IRC 9 5:17 10 13 c
WISE 12 2:39 10 13 b
IRAS 12 4:36 10 13 d
AKARI IRC 18 4:91 10 13 c
WISE 22 7:27 10 13 b
IRAS 25 6:54 10 13 d
KAO 47 1:54 10 12 e
IRAS 60 1:27 10 12 d
AKARI FIS 65 1:12 10 12 f
AKARI FIS 90 8:21 10 13 f
IRAS 100 7:07 10 13 d
AKARI FIS 140 4:67 10 13 f
AKARI FIS 160 2:88 10 13 f
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Instrument Wavelength (μm) Flux (Wm 2) Reference
ISOPHOT 200 1:43 10 13 g
UKT14 350 4:97 10 14 a
UKT14 450 2:53 10 14 a
UKT14 800 2:14 10 15 h
SCUBA 850 1:73 10 15 i
UKT14 1100 5:70 10 16 h
UKT14 1300 3:28 10 16 h
Spectroscopy
SpeX XD 0.8 – 5.5 j, k
BASS 2.9 – 13.5 j
Spitzer IRS 5.2 – 38 l
Table B.4: a) Coulson & Walther 16 b) Wright et al. 100 c) Ishihara et al. 49 d) Walker & Wolstencroft89 e) Harvey
et al. 40 f) Yamamura et al. 101 g) Walker & Heinrichsen88 h) Sylvester et al.80 i) Sandell et al. 70 j) Sitko et al. 74 k)
Swearingen et al. 79 l) Sloan et al. 77
109
References
[1] Adams, F. C., Emerson, J. P., & Fuller, G. A. (1990). Submillimeter photometry and disk
masses of T Tauri disk systems. The Astrophysical Journal, 357, 606–620.
[2] Alexander, R. D., Clarke, C. J., & Pringle, J. E. (2006). Photoevaporation of protoplanetary
discs - I. Hydrodynamic models. Monthly Notices of the Royal Astronomical Society, 369,
216–228.
[3] Andrews, S. M. &Williams, J. P. (2005). Circumstellar Dust Disks in Taurus-Auriga: The
Submillimeter Perspective. The Astrophysical Journal, 631(2), 1134.
[4] Andrews, S. M. &Williams, J. P. (2007). A Submillimeter View of Circumstellar Dust Disks
in ρ Ophiuchi. The Astrophysical Journal, 671(2), 1800.
[5] Andrews, S. M., Wilner, D. J., Espaillat, C., Hughes, A. M., Dullemond, C. P., McClure,
M. K., Qi, C., & Brown, J. M. (2011). Resolved Images of Large Cavities in Protoplanetary
Transition Disks. The Astrophysical Journal, 732(1), 42.
[6] Appenzeller, I. &Mundt, R. (1989). T Tauri stars. Astronomy & Astrophysics Reviews, 1,
291–334.
[7] Beckwith, S. V. W., Sargent, A. I., Chini, R. S., & Guesten, R. (1990). A survey for circum-
stellar disks around young stellar objects. The Astronomical Journal, 99, 924–945.
[8] Bjorkman, J. E. (1997). Circumstellar Disks. In J. P. De Greve, R. Blomme, &H. Hens-
berge (Eds.), Stellar Atmospheres: Theory and Observations, volume 497 of Lecture Notes in
Physics, Berlin Springer Verlag (pp. 239).
[9] Brown, J. M., Blake, G. A., Qi, C., Dullemond, C. P., Wilner, D. J., &Williams, J. P. (2009).
Evidence for Dust Clearing Through Resolved Submillimeter Imaging. The Astrophysical
Journal, 704(1), 496.
[10] Bruderer, S., van der Marel, N., van Dishoeck, E. F., & van Kempen, T. A. (2014). Gas struc-
ture inside dust cavities of transition disks: Ophiuchus IRS 48 observed by ALMA. Astron-
omy & Astrophysics, 562, A26.
I
[11] Caballero, J. A. (2010). The occultation events of the Herbig Ae/Be star V1247 Orionis.
Astronomy & Astrophysics, 511, L9.
[12] Calvet, N., D’Alessio, P., Watson, D. M., Franco-Hernández, R., Furlan, E., Green, J., Sutter,
P. M., Forrest, W. J., Hartmann, L., Uchida, K. I., Keller, L. D., Sargent, B., Najita, J., Herter,
T. L., Barry, D. J., & Hall, P. (2005). Disks in Transition in the Taurus Population: Spitzer
IRS Spectra of GMAurigae and DMTauri. The Astrophysical Journal Letters, 630(2), L185.
[13] Cieza, L. A., Schreiber, M. R., Romero, G. A., Williams, J. P., Rebassa-Mansergas, A., &
Merín, B. (2012). The Nature of Transition Circumstellar Disks. III. Perseus, Taurus, and
Auriga. 750, 157.
[14] Clayton, G. C., Marco, O. D., Whitney, B. A., Babler, B., Gallagher, J. S., Nordhaus, J.,
Speck, A. K., Wolff, M. J., Freeman, W. R., Camp, K. A., Lawson, W. A., Roman-Duval,
J., Misselt, K. A., Meade, M., Sonneborn, G., Matsuura, M., &Meixner, M. (2011). The
Dust Properties of TwoHot R Coronae Borealis Stars and aWolf-Rayet Central Star of a
Planetary Nebula: In Search of a Possible Link. The Astronomical Journal, 142(2), 54.
[15] Cotera, A. S., Whitney, B. A., Young, E., Wolff, M. J., Wood, K., Povich, M., Schneider, G.,
Rieke, M., & Thompson, R. (2001). High-Resolution Near-Infrared Images andModels of
the Circumstellar Disk in HH 30. The Astrophysical Journal, 556(2), 958.
[16] Coulson, I. M. &Walther, D. M. (1995). SAO 206462 - a solar-type star with a dusty, organ-
ically rich environment. Monthly Notices of the Royal Astronomical Society, 274, 977–986.
[17] Cutri, R. M., Skrutskie, M. F., van Dyk, S., Beichman, C. A., Carpenter, J. M., Chester, T.,
Cambresy, L., Evans, T., Fowler, J., Gizis, J., Howard, E., Huchra, J., Jarrett, T., Kopan, E. L.,
Kirkpatrick, J. D., Light, R. M., Marsh, K. A., McCallon, H., Schneider, S., Stiening, R.,
Sykes, M., Weinberg, M., Wheaton, W. A., Wheelock, S., & Zacharias, N. (2003). 2MASS
All Sky Catalog of point sources.
[18] de Gregorio-Monsalvo, I., Ménard, F., Dent, W., Pinte, C., López, C., Klaassen, P., Hales, A.,
Cortés, P., Rawlings, M. G., Tachihara, K., Testi, L., Takahashi, S., Chapillon, E., Mathews,
G., Juhasz, A., Akiyama, E., Higuchi, A. E., Saito, M., Nyman, L. Å., Phillips, N., Rodón,
J., Corder, S., & Van Kempen, T. (2013). Unveiling the gas-and-dust disk structure in HD
163296 using ALMA observations. Astronomy & Astrophysics, 557, A133.
[19] Dent, W. R. F., Greaves, J. S., & Coulson, I. M. (2005). CO emission from discs around
isolated HAeBe and Vega-excess stars. Monthly Notices of the Royal Astronomical Society,
359, 663–676.
[20] Dent, W. R. F., Wyatt, M. C., Roberge, A., Augereau, J. C., Casassus, S., Corder, S., Greaves,
J. S., de Gregorio-Monsalvo, I., Hales, A., Jackson, A. P., Hughes, A. M., Lagrange, A. M.,
Matthews, B., &Wilner, D. (2014). Molecular Gas Clumps from the Destruction of Icy
Bodies in the β Pictoris Debris Disk. Science, 343, 1490–1492.
II
[21] Draine, B. T. & Li, A. (2007). Infrared Emission from Interstellar Dust. IV. The Silicate-
Graphite-PAHModel in the Post-Spitzer Era. The Astrophysical Journal, 657, 810–837.
[22] Dullemond, C. P. & Dominik, C. (2004a). The effect of dust settling on the appearance of
protoplanetary disks. Astronomy & Astrophysics, 421, 1075–1086.
[23] Dullemond, C. P. & Dominik, C. (2004b). Flaring vs. self-shadowed disks: The SEDs of
Herbig Ae/Be stars. Astronomy & Astrophysics, 417, 159–168.
[24] Dullemond, C. P. & Dominik, C. (2005). Dust coagulation in protoplanetary disks: A rapid
depletion of small grains. Astronomy & Astrophysics, 434, 971–986.
[25] Dullemond, C. P., Hollenbach, D., Kamp, I., & D’Alessio, P. (2007). Models of the Struc-
ture and Evolution of Protoplanetary Disks. Protostars and Planets V, (pp. 555–572).
[26] Erickson, K. L., Wilking, B. A., Meyer, M. R., Robinson, J. G., & Stephenson, L. N. (2011).
The Initial Mass Function and Disk Frequency of the ρ Ophiuchi Cloud: An Extinction-
limited Sample. The Astronomical Journal, 142(4), 140.
[27] Espaillat, C., Furlan, E., D’Alessio, P., Sargent, B., Nagel, E., Calvet, N., Watson, D. M., &
Muzerolle, J. (2011). A Spitzer IRS Study of Infrared Variability in Transitional and Pre-
transitional Disks Around T Tauri Stars. The Astrophysical Journal, 728, 49.
[28] exoplanet TEAM (2015). The Extrasolar Planets Encyclopaedia.
[29] Fedele, D., Bruderer, S., van Dishoeck, E. F., Carr, J., Herczeg, G. J., Salyk, C., Evans, N. J.,
Bouwman, J., Meeus, G., Henning, T., Green, J., Najita, J. R., & Güdel, M. (2013). DIGIT
survey of far-infrared lines from protoplanetary disks. Astronomy & Astrophysics, 559, A77.
[30] Follette, K. B., Grady, C. A., Swearingen, J. R., Sitko, M. L., Champney, E. H., van der
Marel, N., Takami, M., Kuchner, M. J., Close, L. M., Muto, T., Mayama, S., McElwain,
M.W., Fukagawa, M., Maaskant, K., Min, M., Russell, R. W., Kudo, T., Kusakabe, N.,
Hashimoto, J., Abe, L., Akiyama, E., Brandner, W., Brandt, T. D., Carson, J., Currie, T., Eg-
ner, S. E., Feldt, M., Goto, M., Guyon, O., Hayano, Y., Hayashi, M., Hayashi, S., Henning,
T., Hodapp, K., Ishii, M., Iye, M., Janson, M., Kandori, R., Knapp, G. R., Kuzuhara, M.,
Kwon, J., Matsuo, T., Miyama, S., Morino, J. I., Moro-Martin, A., Nishimura, T., Pyo, T. S.,
Serabyn, E., Suenaga, T., Suto, H., Suzuki, R., Takahashi, Y., Takato, N., Terada, H., Thal-
mann, C., Tomono, D., Turner, E. L., Watanabe, M., Wisniewski, J. P., Yamada, T., Takami,
H., Usuda, T., & Tamura, M. (2015). SEEDS Adaptive Optics Imaging of the Asymmetric
Transition Disk Oph IRS 48 in Scattered Light. The Astrophysical Journal, 798, 132.
[31] France, K., Schindhelm, E., Bergin, E. A., Roueff, E., & Abgrall, H. (2014). High-resolution
Ultraviolet Radiation Fields of Classical T Tauri Stars. The Astrophysical Journal, 784(2),
127.
III
[32] Fujii, T., Nakada, Y., & Parthasarathy, M. (2002). BVRIJHK photometry of post-AGB
candidates. Astronomy & Astrophysics, 385, 884–895.
[33] Garufi, A., Quanz, S. P., Avenhaus, H., Buenzli, E., Dominik, C., Meru, F., Meyer, M. R.,
Pinilla, P., Schmid, H. M., &Wolf, S. (2013). Small vs. large dust grains in transitional disks:
do different cavity sizes indicate a planet?. SAO 206462 (HD 135344B) in polarized light
with VLT/NACO. Astronomy & Astrophysics, 560, A105.
[34] Geers, V. C., Pontoppidan, K. M., van Dishoeck, E. F., Dullemond, C. P., Augereau, J. C.,
Merín, B., Oliveira, I., & Pel, J. W. (2007). Spatial separation of small and large grains in the
transitional disk around the young star IRS 48. Astronomy & Astrophysics, 469(3), L35–
L38.
[35] Gorti, U., Dullemond, C. P., &Hollenbach, D. (2009). Time Evolution of Viscous Cir-
cumstellar Disks due to Photoevaporation by Far-Ultraviolet, Extreme-Ultraviolet, and X-ray
Radiation from the Central Star. The Astrophysical Journal, 705, 1237–1251.
[36] Grady, C., Fukagawa, M., Maruta, Y., Ohta, Y., Wisniewski, J., Hashimoto, J., Okamoto,
Y., Momose, M., Currie, T., McElwain, M., Muto, T., Kotani, T., Kusakabe, N., Feldt, M.,
Sitko, M., Follette, K., Bonnefoy, M., Henning, T., Takami, M., Karr, J., Kwon, J., Kudo, T.,
Abe, L., Brandner, W., Brandt, T., Carson, J., Egner, S., Goto, M., Guyon, O., Hayano, Y.,
Hayashi, M., Hayashi, S., Hodapp, K., Ishii, M., Iye, M., Janson, M., Kandori, R., Knapp,
G., Kuzuhara, M., Matsuo, T., Miyama, S., Morino, J. I., Moro-Martín, A., Nishimura, T.,
Pyo, T. S., Serabyn, E., Suenaga, T., Suto, H., Suzuki, R., Takahashi, Y. H., Takato, N., Ter-
ada, H., Thalmann, C., Tomono, D., Turner, E. L., Watanabe, M., Yamada, T., Takami, H.,
Usuda, T., & Tamura, M. (2015). The outer disks of Herbig stars from the UV to NIR.
Astrophysics & Space Science, 355, 253–266.
[37] Grady, C. A., Schneider, G., Sitko, M. L., Williger, G. M., Hamaguchi, K., Brittain, S. D.,
Ablordeppey, K., Apai, D., Beerman, L., Carpenter, W. J., Collins, K. A., Fukagawa, M.,
Hammel, H. B., Henning, T., Hines, D., Kimes, R., Lynch, D. K., Ménard, F., Pearson, R.,
Russell, R. W., Silverstone, M., Smith, P. S., Troutman, M., Wilner, D., Woodgate, B., &
Clampin, M. (2009). Revealing the Structure of a Pre-Transitional Disk: The Case of the
Herbig F Star SAO 206462 (HD 135344B). The Astrophysical Journal, 699(2), 1822.
[38] Hartmann, L. (1998). Accretion Processes in Star Formation.
[39] Hartmann, L., Megeath, S. T., Allen, L., Luhman, K., Calvet, N., D’Alessio, P., Franco-
Hernandez, R., & Fazio, G. (2005). IRACObservations of Taurus Pre-Main-Sequence Stars.
The Astrophysical Journal, 629(2), 881.
[40] Harvey, P. M., Smith, B. J., DiFrancesco, J., Colomé, C., & Low, F. J. (1996). Far-Infrared
Constraints on Dust Shells Around Vega-Like Stars. The Astrophysical Journal, 471(2), 973.
IV
[41] Helou, G. &Walker, D. W., Eds. (1988). Infrared astronomical satellite (IRAS) catalogs and
atlases. Volume 7: The small scale structure catalog, volume 7.
[42] Herbig, G. H. (1960). The Spectra of Be- and Ae-TYPE Stars Associated with Nebulosity.
The Astrophysical Journal, Supplement, 4, 337.
[43] Honda, M., Maaskant, K., Okamoto, Y. K., Kataza, H., Yamashita, T., Miyata, T., Sako, S.,
Fujiyoshi, T., Sakon, I., Fujiwara, H., Kamizuka, T., Mulders, G. D., Lopez-Rodriguez, E.,
Packham, C., & Onaka, T. (2015). High-resolution 25 μm Imaging of the Disks around
Herbig Ae/Be Stars. The Astrophysical Journal, 804(2), 143.
[44] Hornbeck, J. B., Swearingen, J. R., Grady, C. A., Williger, G. M., Brown, A., Sitko, M. L.,
Wisniewski, J. P., Perrin, M. D., Lauroesch, J. T., Schneider, G., Apai, D., Ayres, T., Brittain,
S., Brown, J. M., Champney, E. H., Hamaguchi, K., Henning, T., Lynch, D. K., Petre, R.,
Russell, R., Walter, F., &Woodgate, B. (2015). FUV Imaging of a Transitional Disk: The
Disk of GMAur in FUV Scattered Light. The Astrophysical Journal. In preparation.
[45] Hueso, R. & Guillot, T. (2005). Evolution of protoplanetary disks: constraints fromDM
Tauri and GMAurigae. Astronomy & Astrophysics, 442, 703–725.
[46] Hughes, A. M., Andrews, S. M., Espaillat, C., Wilner, D. J., Calvet, N., D’Alessio, P., Qi, C.,
Williams, J. P., &Hogerheijde, M. R. (2009). A Spatially Resolved Inner Hole in the Disk
Around GMAurigae. The Astrophysical Journal, 698(1), 131.
[47] Hughes, A. M., Wilner, D. J., Qi, C., &Hogerheijde, M. R. (2008). Gas and Dust Emission
at the Outer Edge of Protoplanetary Disks. The Astrophysical Journal, 678(2), 1119.
[48] Ingleby, L., Espaillat, C., Calvet, N., Sitko, M., Russell, R., & Champney, E. (2015). Using
FUV to IR Variability to Probe the Star-Disk Connection in the Transitional Disk of GM
Aur. ArXiv e-prints.
[49] Ishihara, D., Onaka, T., Kataza, H., Salama, A., Alfageme, C., Cassatella, A., Cox, N., García-
Lario, P., Stephenson, C., Cohen, M., Fujishiro, N., Fujiwara, H., Hasegawa, S., Ita, Y., Kim,
W., Matsuhara, H., Murakami, H., Müller, T. G., Nakagawa, T., Ohyama, Y., Oyabu, S.,
Pyo, J., Sakon, I., Shibai, H., Takita, S., Tanabé, T., Uemizu, K., Ueno, M., Usui, F., Wada,
T., Watarai, H., Yamamura, I., & Yamauchi, C. (2010). The AKARI/IRCmid-infrared all-
sky survey. Astronomy & Astrophysics, 514, A1.
[50] Kim, K. H., Watson, D. M., Manoj, P., Forrest, W. J., Najita, J., Furlan, E., Sargent, B., Espail-
lat, C., Muzerolle, J., Megeath, S. T., Calvet, N., Green, J. D., & Arnold, L. (2013). Transi-
tional Disks and Their Origins: An Infrared Spectroscopic Survey of Orion A. The Astro-
physical Journal, 769(2), 149.
[51] Kim, S. H., Martin, P. G., &Hendry, P. D. (1994). The size distribution of interstellar dust
particles as determined from extinction. The Astrophysical Journal, 422, 164–175.
V
[52] Koerner, D. W., Sargent, A. I., & Beckwith, S. V. W. (1993). A rotating gaseous disk around
the T Tauri star GMAurigae. Icarus, 106, 2.
[53] Kraus, S., Ireland, M. J., Sitko, M. L., Monnier, J. D., Calvet, N., Espaillat, C., Grady, C. A.,
Harries, T. J., Hönig, S. F., Russell, R. W., Swearingen, J. R., Werren, C., &Wilner, D. J.
(2013). Resolving the Gap and AU-scale Asymmetries in the Pre-transitional Disk of V1247
Orionis. The Astronomical Journal, 768(1), 80.
[54] Kusakabe, N., Grady, C. A., Sitko, M. L., Hashimoto, J., Kudo, T., Fukagawa, M., Muto,
T., Wisniewski, J. P., Min, M., Mayama, S., Werren, C., Day, A. N., Beerman, L. C., Lynch,
D. K., Russell, R. W., Brafford, S. M., Kuzuhara, M., Brandt, T. D., Abe, L., Brand-
ner, W., Carson, J., Egner, S., Feldt, M., Goto, M., Guyon, O., Hayano, Y., Hayashi, M.,
Hayashi, S. S., Henning, T., Hodapp, K. W., Ishii, M., Iye, M., Janson, M., Kandori, R.,
Knapp, G. R., Matsuo, T., McElwain, M.W., Miyama, S., Morino, J.-I., Moro-Martin, A.,
Nishimura, T., Pyo, T.-S., Suto, H., Suzuki, R., Takami, M., Takato, N., Terada, H., Thal-
mann, C., Tomono, D., Turner, E. L., Watanabe, M., Yamada, T., Takami, H., Usuda, T., &
Tamura, M. (2012). High-contrast Near-infrared Polarization Imaging of MWC480. The
Astrophysical Journal, 753(2), 153.
[55] Lagrange, A. & Chauvin, G. (2012). β Pictoris, a Laboratory for Planetary Formation Stud-
ies. The Messenger, 150, 39–43.
[56] Leinert, C., Haas, M., Ábrahám, P., & Richichi, A. (2001). Halos around Herbig Ae/Be
stars - more common than for the less massive T Tauri stars. Astronomy & Astrophysics, 375,
927–936.
[57] Loinard, L., Torres, R. M., Mioduszewski, A. J., & Rodríguez, L. F. (2008). A Preliminary
VLBADistance to the Core of Ophiuchus, with an Accuracy of 4%. The Astrophysical
Journal Letters, 675(1), L29.
[58] Lynden-Bell, D. & Pringle, J. E. (1974). The evolution of viscous discs and the origin of the
nebular variables. Monthly Notices of the Royal Astronomical Society, 168, 603–637.
[59] Lyra, W. & Kuchner, M. (2013). Formation of sharp eccentric rings in debris disks with gas
but without planets. Nature, 499, 184–187.
[60] Maaskant, K. M., Honda, M., Waters, L. B. F. M., Tielens, A. G. G. M., Dominik, C., Min,
M., Verhoeff, A., Meeus, G., & van den Ancker, M. E. (2013). Identifying gaps in flaring
Herbig Ae/Be disks using spatially resolved mid-infrared imaging. Astronomy & Astro-
physics, 555, A64.
[61] Mathis, J. S., Rumpl, W., & Nordsieck, K. H. (1977). The size distribution of interstellar
grains. The Astrophysical Journal, 217, 425–433.
VI
[62] McClure, M. K., Furlan, E., Manoj, P., Luhman, K. L., Watson, D. M., Forrest, W. J., Es-
paillat, C., Calvet, N., D’Alessio, P., Sargent, B., Tobin, J. J., & Chiang, H.-F. (2010). The
Evolutionary State of the Pre-main Sequence Population in Ophiuchus: A Large Infrared
Spectrograph Survey. The Astrophysical Journal Supplement Series, 188(1), 75.
[63] Meeus, G., Waters, L. B. F. M., Bouwman, J., van den Ancker, M. E., Waelkens, C., &Mal-
fait, K. (2001). ISO spectroscopy of circumstellar dust in 14 Herbig Ae/Be systems: Towards
an understanding of dust processing. Astronomy & Astrophysics, 365(3), 476–490.
[64] Menu, J., van Boekel, R., Henning, T., Leinert, C., Waelkens, C., &Waters, L. B. F. M.
(2015). The structure of disks around intermediate-mass young stars frommid-infrared
interferometry. Evidence for a population of group II disks with gaps. ArXiv e-prints.
[65] Mulders, G. D., Dominik, C., &Min, M. (2010). Full two-dimensional radiative transfer
modelling of the transitional disk LkCa 15. Astronomy & Astrophysics, 512, A11.
[66] Müller, A., van den Ancker, M. E., Launhardt, R., Pott, J. U., Fedele, D., &Henning, T.
(2011). HD 135344B: a young star has reached its rotational limit. Astronomy & Astro-
physics, 530, A85.
[67] Muto, T., Grady, C. A., Hashimoto, J., Fukagawa, M., Hornbeck, J. B., Sitko, M., Russell,
R., Werren, C., Curé, M., Currie, T., Ohashi, N., Okamoto, Y., Momose, M., Honda, M.,
Inutsuka, S., Takeuchi, T., Dong, R., Abe, L., Brandner, W., Brandt, T., Carson, J., Egner,
S., Feldt, M., Fukue, T., Goto, M., Guyon, O., Hayano, Y., Hayashi, M., Hayashi, S., Hen-
ning, T., Hodapp, K. W., Ishii, M., Iye, M., Janson, M., Kandori, R., Knapp, G. R., Kudo,
T., Kusakabe, N., Kuzuhara, M., Matsuo, T., Mayama, S., McElwain, M.W., Miyama, S.,
Morino, J.-I., Moro-Martin, A., Nishimura, T., Pyo, T. S., Serabyn, E., Suto, H., Suzuki, R.,
Takami, M., Takato, N., Terada, H., Thalmann, C., Tomono, D., Turner, E. L., Watanabe,
M., Wisniewski, J. P., Yamada, T., Takami, H., Usuda, T., & Tamura, M. (2012). Discovery
of Small-scale Spiral Structures in the Disk of SAO 206462 (HD 135344B): Implications for
the Physical State of the Disk from Spiral Density Wave Theory. The Astrophysical Journall,
748(2), L22.
[68] Pérez, L. M., Isella, A., Carpenter, J. M., & Chandler, C. J. (2014). Large-scale Asymmetries
in the Transitional Disks of SAO 206462 and SR 21. The Astrophysical Journall, 783, L13.
[69] Pringle, J. E. (1981). Accretion discs in astrophysics. Annual Review of Astronomy & Astro-
physics, 19, 137–162.
[70] Sandell, G., Weintraub, D. A., &Hamidouche, M. (2011). A Submillimeter Mapping Sur-
vey of Herbig AeBe Stars. The Astrophysical Journal, 727(1), 26.
[71] Schneider, G., Wood, K., Silverstone, M. D., Hines, D. C., Koerner, D. W., Whitney, B. A.,
Bjorkman, J. E., & Lowrance, P. J. (2003). NICMOS Coronagraphic Observations of the
GMAurigae Circumstellar Disk. The Astronomical Journal, 125(3), 1467.
VII
[72] Shakura, N. I. & Sunyaev, R. A. (1973). Black holes in binary systems. Observational appear-
ance. Astronomy & Astrophysics, 24, 337–355.
[73] Sharpless, S. (1962). Evolutionary Effects in the Orion Association. The Astrophysical
Journal, 136, 767.
[74] Sitko, M. L., Day, A. N., Kimes, R. L., Beerman, L. C., Martus, C., Lynch, D. K., Russell,
R. W., Grady, C. A., Schneider, G., Lisse, C. M., Nuth, J. A., Curé, M., Henden, A. A.,
Kraus, S., Motta, V., Tamura, M., Hornbeck, J., Williger, G. M., & Fugazza, D. (2012). Vari-
ability of Disk Emission in Pre-main Sequence and Related Stars. II. Variability in the Gas
and Dust Emission of the Herbig Fe Star SAO 206462. The Astrophysical Journal, 745(1),
29.
[75] Skrutskie, M. F., Cutri, R. M., Stiening, R., Weinberg, M. D., Schneider, S., Carpenter, J. M.,
Beichman, C., Capps, R., Chester, T., Elias, J., Huchra, J., Liebert, J., Lonsdale, C., Monet,
D. G., Price, S., Seitzer, P., Jarrett, T., Kirkpatrick, J. D., Gizis, J. E., Howard, E., Evans, T.,
Fowler, J., Fullmer, L., Hurt, R., Light, R., Kopan, E. L., Marsh, K. A., McCallon, H. L.,
Tam, R., Dyk, S. V., &Wheelock, S. (2006). The TwoMicron All Sky Survey (2MASS). The
Astronomical Journal, 131(2), 1163.
[76] Skrutskie, M. F., Dutkevitch, D., Strom, S. E., Edwards, S., Strom, K. M., & Shure, M. A.
(1990). A sensitive 10-micron search for emission arising from circumstellar dust associated
with solar-type pre-main-sequence stars. The Astronomical Journal, 99, 1187–1195.
[77] Sloan, G. C., Keller, L. D., Forrest, W. J., Leibensperger, E., Sargent, B., Li, A., Najita, J., Wat-
son, D. M., Brandl, B. R., Chen, C. H., Green, J. D., Markwick-Kemper, F., Herter, T. L.,
D’Alessio, P., Morris, P. W., Barry, D. J., Hall, P., Myers, P. C., &Houck, J. R. (2005). Mid-
Infrared Spectra of Polycyclic Aromatic Hydrocarbon Emission in Herbig Ae/Be Stars. The
Astrophysical Journal, 632(2), 956.
[78] Strom, K. M., Strom, S. E., Edwards, S., Cabrit, S., & Skrutskie, M. F. (1989). Circumstellar
material associated with solar-type pre-main-sequence stars - A possible constraint on the
timescale for planet building. The Astronomical Journal, 97, 1451–1470.
[79] Swearingen, J. R., Sitko, M. L., Whitney, B. A., Grady, C. A., McQuilkin, B. N., Wagner,
K. R., Champney, E. H., Johnson, A. N., Werren, C., Russell, R. W., Hammel, H. B., Lisse,
C. M., Cur, M., Kraus, S., Fukagawa, M., Calvet, N., Espaillat, C., Monnier, J., Millan-Gabet,
R., &Wilner, D. J. (2015). Investigating the Structure of Protoplanetary Disks V1247 Ori
and SAO 206462 Using Radiative Transfer Modeling. The Astrophysical Journal. In prepa-
ration.
[80] Sylvester, R. J., Skinner, C. J., Barlow, M. J., &Mannings, V. (1996). Optical, infrared and
millimetre-wave properties of Vega-like systems. Monthly Notices of the Royal Astronomical
Society, 279, 915–939.
VIII
[81] Tamura, M. (2009). Subaru Strategic Exploration of Exoplanets and Disks with Hi-
CIAO/AO188 (SEEDS). In T. Usuda, M. Tamura, &M. Ishii (Eds.),American Institute
of Physics Conference Series, volume 1158 ofAmerican Institute of Physics Conference Series
(pp. 11–16).
[82] Thi, W. F., van Dishoeck, E. F., Blake, G. A., van Zadelhoff, G. J., Horn, J., Becklin, E. E.,
Mannings, V., Sargent, A. I., van den Ancker, M. E., Natta, A., & Kessler, J. (2001). H2 and
CO Emission fromDisks around T Tauri and Herbig Ae Pre-Main-Sequence Stars and from
Debris Disks around Young Stars: Warm and Cold Circumstellar Gas. The Astrophysical
Journal, 561, 1074–1094.
[83] van Boekel, R., Dullemond, C. P., & Dominik, C. (2005). Flaring and self-shadowed disks
around Herbig Ae stars: simulations for 10 μm interferometers. Astronomy & Astrophysics,
441, 563–571.
[84] van der Marel, N., van Dishoeck, E. F., Bruderer, S., Birnstiel, T., Pinilla, P., Dullemond,
C. P., van Kempen, T. A., Schmalzl, M., Brown, J. M., Herczeg, G. J., Mathews, G. S., &
Geers, V. (2013). AMajor Asymmetric Dust Trap in a Transition Disk. Science, 340(6137),
1199–1202.
[85] van Kempen, T. A., van Dishoeck, E. F., Salter, D. M., Hogerheijde, M. R., Jørgensen, J. K.,
& Boogert, A. C. A. (2009). The nature of the Class I population in Ophiuchus as revealed
through gas and dust mapping. Astronomy & Astrophysics, 498(1), 167–194.
[86] Vinković, D., Ivezić, Ž., Jurkić, T., & Elitzur, M. (2006). Near-Infrared and the Inner Re-
gions of Protoplanetary Disks. The Astrophysical Journal, 636, 348–361.
[87] Wagner, K. R., Sitko, M. L., Grady, C. A., Swearingen, J. R., Champney, E. H., Johnson,
A. N., Werren, C., Whitney, B. A., Russell, R. W., Schneider, G. H., Momose, M., Muto,
T., Inoue, A. K., Lauroesch, J. T., Hornbeck, J., Brown, A., Fukagawa, M., Currie, T. M.,
Wisniewski, J. P., &Woodgate, B. E. (2015). Variability of Disk Emission in Pre-main Se-
quence and Related Stars. III. Exploring Structural Changes in the Pre-transitional Disk in
HD 169142. The Astrophysical Journal, 798(2), 94.
[88] Walker, H. J. &Heinrichsen, I. (2000). ISOPHOTObservations of Dust Disks aroundMain
Sequence (Vega-Like) Stars. Icarus, 143, 147–154.
[89] Walker, H. J. &Wolstencroft, R. D. (1988). Cool circumstellar matter around nearby main-
sequence stars. Publications of the Astronomical Society of the Paciﬁc, 100, 1509–1521.
[90] Weaver, W. B. & Jones, G. (1992). A catalog of co-added IRAS fluxes of Orion population
stars. The Astrophysical Journal Supplement Series, 78, 239–266.
[91] Weintraub, D. A., Sandell, G., & Duncan, W. D. (1989). Submillimeter measurements of T
Tauri and FUOrionis stars. The Astrophysical Journal Letters, 340, L69–L72.
IX
[92] Whitney, B. A. (2011). Monte Carlo radiative transfer. Bulletin of the Astronomical Society
of India, 39, 101–127.
[93] Whitney, B. A., Robitaille, T. P., Bjorkman, J. E., Dong, R., Wolff, M. J., Wood, K., &
Honor, J. (2013). Three-dimensional Radiation Transfer in Young Stellar Objects. The
Astrophysical Journal Supplement Series, 207(2), 30.
[94] Whitney, B. A., Wood, K., Bjorkman, J. E., & Cohen, M. (2003a). Two-dimensional Radia-
tive Transfer in Protostellar Envelopes. II. An Evolutionary Sequence. The Astrophysical
Journal, 598(2), 1079.
[95] Whitney, B. A., Wood, K., Bjorkman, J. E., &Wolff, M. J. (2003b). Two-dimensional Ra-
diative Transfer in Protostellar Envelopes. I. Effects of Geometry on Class I Sources. The
Astrophysical Journal, 591(2), 1049.
[96] Williams, J. P. & Cieza, L. A. (2011). Protoplanetary Disks and Their Evolution. Annual
Review of Astronomy & Astrophysics, 49, 67–117.
[97] Wood, K., Whitney, B., Bjorkman, J., &Wolff, M. (2013). Introduction toMonte Carlo
radiation transfer.
[98] Wood, K., Whitney, B. A., Robitaille, T., & Draine, B. T. (2008). Emission from Very Small
Grains and PAHMolecules in Monte Carlo Radiation Transfer Codes: Application to the
Edge-On Disk of Gomez’s Hamburger. The Astrophysical Journal, 688, 1118–1123.
[99] Wood, K., Wolff, M. J., Bjorkman, J. E., &Whitney, B. (2002). The Spectral Energy Distri-
bution of HH 30 IRS: Constraining the Circumstellar Dust Size Distribution. The Astro-
physical Journal, 564(2), 887.
[100] Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., Ressler, M. E., Cutri, R. M., Jarrett, T.,
Kirkpatrick, J. D., Padgett, D., McMillan, R. S., Skrutskie, M., Stanford, S. A., Cohen, M.,
Walker, R. G., Mather, J. C., Leisawitz, D., III, T. N. G., McLean, I., Benford, D., Lons-
dale, C. J., Blain, A., Mendez, B., Irace, W. R., Duval, V., Liu, F., Royer, D., Heinrichsen, I.,
Howard, J., Shannon, M., Kendall, M., Walsh, A. L., Larsen, M., Cardon, J. G., Schick, S.,
Schwalm, M., Abid, M., Fabinsky, B., Naes, L., & Tsai, C.-W. (2010). TheWide-field In-
frared Survey Explorer (WISE): Mission Description and Initial On-orbit Performance. The
Astronomical Journal, 140(6), 1868.
[101] Yamamura, I., Makiuti, S., Ikeda, N., Fukuda, Y., Oyabu, S., Koga, T., &White, G. J.
(2010). VizieR Online Data Catalog: AKARI/FIS All-Sky Survey Point Source Catalogues
(ISAS/JAXA, 2010). VizieR Online Data Catalog, 2298, 0.
[102] Zacharias, N., Monet, D. G., Levine, S. E., Urban, S. E., Gaume, R., &Wycoff, G. L. (2005).
VizieR Online Data Catalog: NOMADCatalog (Zacharias+ 2005). VizieR Online Data
Catalog, 1297, 0.
X
[103] Zhu, Z., Nelson, R. P., Dong, R., Espaillat, C., &Hartmann, L. (2012). Dust Filtration by
Planet-induced Gap Edges: Implications for Transitional Disks. The Astrophysical Journal,
755, 6.
[104] Zubko, V. G., Mennella, V., Colangeli, L., & Bussoletti, E. (1996). Optical constants of
cosmic carbon analogue grains - I. Simulation of clustering by a modified continuous distri-
bution of ellipsoids. Monthly Notices of the Royal Astronomical Society, 282, 1321–1329.
XI
This thesis was typeset using LATEX, originallydeveloped by Leslie Lamport and based on DonaldKnuth’s TEX. The body text is set in Egenolff-
Berner Garamond, a revival of Claude Garamont’s
humanist typeface.
XII
